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PROGRAM*

WORKSHOP ON PERMAFROST GEOPHYSICS

Marriott Denver West Hotel
Golden, Colorado

23-24 October 1984

23 October (8:30 a.m.-Noon)

DEEP ONSHORE AND OFFSHORE PERMAFROST METHODS

Opening Remarks Pieter Hoekstra

Permafrost Distribution in Northern Canada: A. Judge, A. Taylor

Interpretation of Well-Logs

Transient Electromagnetic Detection of Subsea G.G. Walker, K. Kawasaki,
Permafrost T.E. Osterkamp

Some Aspects of Interpreting Seismic Data for K.G. Neave, P.V. Sellmann
Information on Shallow Subsea Permafrost

Some Aspects of Transient Electromagnetic G. Rozenberg, J.D. Henderson,
Soundings-for Permafrost Delineation A.N. Sartorelli, A. Judge

Subsea Permafrost: Field Mapping and Numerical/ S.M. Blasco, D.L. Lewton
Physical Modeling of Its Spatial Distribution

in the Canadian Beaufort Sea

23 October (1:30-5:30 p.m.)

DEEP ONSHORE AND OFFSHORE PERMAFROST METHODS (Continued)

Deep Transient EM Sounding in the Mackenzie A.K. Sinha

Delta, NWT, Canada

Velocity-Depth Structure of Offshore H.A. MacAulay, S.E. Pullan,

Permafrost, Canadian Beaufort Sea J.A. Hunter

Some Aspects of Interpretation of Transient L.E. Evans
EM Data for Mapping Frozen Ground on the
North Slope of Alaska

Galvanic Methods for Mapping Resistive Seabed P.V. Sellmann, A.J. Delaney,
Features S.A. Arcone

A Summary of Field Operations and Results of M.W. Blohm
Three Years of Transient Surveys on the North
Slope of Alaska

Marine Permafrost Studies Related to Develop- L.J. Toimil
ment of the Alaskan Beaufort Sea

Well Logging in Permafrost J.K. Peterson, K. Kawasaki,
T.E. Osterkamp, J.H. Scott

Obtaining Precise Temperature Measurements in A. Taylor, A. Judge
Abandoned Offshore Petroleum Exploration Wells

*In this report the abstracts and papers are arranged alphabetically by senior

author
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24 October (8:30 a.m. - Noon)

--SHALLOW GEOPHYSICAL AND BOREHOLE METHODS

Guest Speaker George Keller

Monitoring Permafrost Ground Conditions with J.A. Pilon, A.P. Annan,
Ground Probing Radar (G.P.R.) J.L. Davis

Impulse Radar Sounding of Frozen Ground A. Kovacs, R.M. Morey

Analysis of Wide-Angle Reflection and R.M. Morey, A. Kovacs
Refraction Measurements*

Shallow Induction Measurements in Permafrost K. Kawasaki, T.E. Osterkamp
Terrain

Dielectric Studies of Permafrost Using Cross- S.A. Arcone, A.J. Delaney
Borehole VHF Pulse Propagation

Thermal Properties from Borehole Heating: W.D. Harrison, J.L. Morack
Experience in the Canadian Beaufort Sea, 1984

24 October (1:00-4:30 p.m.)

-SHALLOWAEOPHYSICAL )WTHODS ,AND TERRAIN ANALYSIS -

Borehole Monitoring of Permafrost Electrical R.F. Corwin
0 ' Properties

Permafrost Temperature Measurements in an T.E. Osterkamp, J.P. Gosink,
Alaskan Transect: Preliminary Results K. Kawasaki

%%- Medium Scale Maps of Permafrost and Ground Ice J.A. Reginbottom
Conditions, Tuktoyaktuk and Illisarvik Areas,
Western Arctic Coast, Canada

Unfrozen Permafrost and Other Taliks R.O. van Everdingen

Shallow Geophysical Borehole Logging in R. Miller
Permafrost: A Case History

Suggested Legend Terminology for Permafrost R.A. Kreig
Mapping*

*"-"A Digital Information System for Delineation H.B. Granberg
of Discontinuous Permafrost*

:-3

* Not formally presented.
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OPENING REMARKS

Pieter Hoekstra
The Earth Technology Corporation

Golden, Colorado

The workshop is a good opportunity to review the progress that has been

* made in mapping permafrost by geophysical methods. Scanning papers and pres-

entations at technical meetings, it is quite evident that progress never fol-J

* lows a smooth, consistent path, but comes in leaps and bounds as a result of

real engineering needs.

The first critical demands on geophysical methods came during the initial

designs of various proposed arctic gas pipelines. The preliminary designs

called for chilled, buried lines. There was great reluctance to place even

small sections of those lines above ground. The last point of cold flow was

generally well into the discontinuous permafrost zone. It became evident

that major mitigating measures needed to be adopted to prevent frost heaving

* where a chilled line was buried in a section of unfrozen ground. In fact the

permafrost distribution needed to be delineated meter by meter. ExperienceI

* on the Alyeska line had shown that permafrost mapping could not be satisfac-

torily accomplished by airphotos and drilling alone, but that an intermediate

step in the exploration program was necessary. The geophysical method to a

large extent developed in response to this need was magnetic induction pro-

filing with the Geonics EM 31 and EM34. That method, when closely integrated

with airphoto analysis and drilling, proved reliable and was used along sev-

eral hundreds of miles of route (Sartorelli and French 1982). Although these

methods were successful in delineating boundaries of frozen and unfrozen

ground, they failed in mapping ice content.

The second need for permafrost mapping was late in coming. Seismic pro-

- -. files on the North Slope frequently traverse water bodies, lakes, rivers and

coastlines. It is common to observe rapid changes in permafrost distribution

at these locations requiring corrections in seismic processing. The thick-

* ness of permafrost on the North Slope can be in excess of 2,000 feet. During

this workshop several papers will show transient electromagnetic soundings

applied to this problem. This is a development of the last few years (Ehren-I
* bard et al. 1983).

With construction of offshore pipelines not far away, development and

testing of marine towed direct current and high resolution seismic reflection
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methods, for mapping the top of permafrost offshore, is in high gear (Corwin

and Conti 1983).

One large requirement remains unsatisfied and that is a geophysical tech-

nique for measuring ice content of frozen soils. An obstacle to solving that

problem is the fact that no consistent relation exists between ice content

and electrical resistivity or seismic velocity. Such relations are also in-

fluenced by temperature and soil type.

REFERENCES

Corwin, R.F. and U. Conti (1983) Sea-floor electrical resistivity measure-

*- - ments using a diver-operated system. Proceedings, Offshore Technology

Conference, Vol. 1, p. 1-637.

Ehrenbard, R.L., P. Hoekstra and G. Rozenberg (1983) Transient electromagnet-

ic soundings for permafrost mapping. Proceedings, Fourth International

Conference on Permafrost. Washington, D.C.: National Academy Press, p.

272.

Sartorelli, A.N. and R.B. French (1982) Electro-magnetic induction methods

for mapping permafrost along northern pipeline corridors. Proceedings,

Fourth Canadian Permafrost Conference (H.M. French, Ed.), National Re-

search Council of Canada, Ottawa, p. 283-295.
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DIELECTRIC STUDIES OF PERMAFROST USING CROSS-BOREHOLE
VHF PULSE PROPAGATION

Steven A. Arcone and Allan J. Delaney
Cold Regions Research and Engineering Laboratory

Hanover, New Hampshire

Cross-borehole pulse propagation studies of permafrost electromagnetic

properties were begun in March 1984 in the Fairbanks, Alaska, area. The ob-

jective of this program is to measure in situ the complex index of refraction

of frozen silts, sands and gravels and correlate it with temperature, grain

size and ice content. The signals propagated are short pulses transmitted

from commercially available borehole antennas and are similar in waveform to

those of impulse radar systems. The pulse frequency bandwidth is centered

near 100 MHz.

Two sites were initially chosen, one in a deep, frozen silt and the sec-

ond in a frozen alluvium. Our intentions were to core each of at least three

boreholes to approximately 15 m depth and later place thermocouple strings in

at least one borehole at each site. Each borehole was to be cased with plas-

tic piping and capped for future use. This plan ran into serious difficul-

ties:

1) The silt site located at Glenn Creek in Fox above the CRREL perma-

frost tunnel proved to be only marginally frozen for a few feet below the ac-

tive layer, probably due to recent warm summers and winters. Consequently,

- the coring auger frequently froze back as it was being raised through this

section since we were unable to maintain rotation while the drill rods were

being removed. Attempts to just auger a hole also failed.

2) Coring was not possible in the gravelly alluvium. Therefore we could

only auger holes and collect grab samples. The auger depth was limited to

12.2 m, at which point the holes began to slump and had to be immediately

cased.

An alternate silt site was chosen at the CRREL Farmer's Loop facility in

Fairbanks. Six holes were augered and cased to 12.2 m depth. Their spacings

ranged from 5 to 30 m. For all holes only grab samples were obtained, allow-

ing only gravietric water content to be measured.

The experimental procedure was as follows. Antennas were elevated simul-

taneously from the bottom in 1-m intervals. All antenna depths were referred

to a datum plane so that the antenna pair was always at the same absolute
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height. Pulses were recorded digitally in a 32 stack which greatly eliminat-

ed incoherent noise. Time of flight was calibrated from air measurements

with the antennas at a measured distance apart. Attenuation measurements

were made using the calibrated gain settings of the control unit. These

- . measurements were relative values, with the shortest hole spacing used as a

reference. A magnetic induction technique was used at the surface to give an

approximate value of the ground DC conductivity. These values plus spatial

attenuation calculations were then used as an adjustment to calculate ground

attenuation in dB/m due only to dielectric absorption and scattering.

The first silt site at Glenn Creek was not a total loss because we were

able to obtain over 20 m of core from which we could make an excellent volu-

metric ice versus gravimetric water calibration curve. Thus we could corre-

late our Farmer's Loop dielectric data indirectly with volumetric ice content

since only the frozen cuttings were available at Farmer's Loop. Volumetric

ice content from the Farmer's Loop site ranged from 48 to 78%. A thermistor

string has been placed at Glenn Creek for future ground temperature measure-

ments. At the alluvial site, the gravimetric water content was much less. A

loose application of our silt calibration curve suggests volumetric water

contents ranging from 10 to 48%.

The Farmer's Loop silt measurements were surprisingly low but consistent

with our past laboratory work. We are certain that temperatures throughout

the depth of our boreholes were no lower than -4*C. This led us to expect

relative dielectric values (real part V', imaginary part K'') of between 10

and 15. Instead the V' values were generally between 4.3 and 6.1, with the

higher values usually at greater depth. The K"' values generally ranged be-

* tween 0.08 and 0.22. No values were calculated above 3 m as the signals were

* too highly attenuated relative to the high level of noise near the surface.

The attenuation rates which determined the K'' values generally ranged be-

* tween 1 and 4 dB/m, with the higher values occurring at the greater depths.

* DC resistivity values ranged between 740 and 2040 ohm-meters as measured with

a Geonics EM-31 magnetic induction device (40 kHz).

* The alluvium measurements made on Ft. Wainwright were more predictable.

K' ranged from 4 to 6 and K'' from 0.09 to 0.45. The EM-31 consistently in-

dicated resistivity values at greater than 10,000 ohm-in. Attenuation was

never greater than 1.5 dB/m and these values occurred near the surface, which

was all sand to about 2 m depth. Measurements were made at all depths to
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12.2 m and at borehole spacings of 22 m. The strong signals recorded at this

separation showed that much wider spacings could be attained.

In almost all cases only one event was observed, which we have assumed to

* represent a wavefront propagating horizontally. The one exception occurred

at the alluvial site for the closest hole spacing of 9.02 m. Here, secondary

events occurred, the time delays of which could be predicted by ray paths re-

fracting along the surface. In all the alluvial cases,the attenuation was 2
low enough so that the index of refraction n could be excellently approximat-

ed by n f k/7 (1-i tan A/2).

Our provisional conclusions are that these K' values on high-ice-content

frozen silt, although surprisingly low, are consistent with the theoretical

and laboratory values. However, we cannot be sure until we obtain tempera-

ture profiles with depth. Delaney and Arcone* (Figure 8) have shown that a Ai

curve of K' versus volumetric water content is double-valued in that the same

value of K' can occur for two different volumetric water contents. For exam- 2
ple, a value of K' = 5 can occur at 10% water content where the value is de-

.4 termined by the combination of dry silt, air and adsorbed water, and also at

65% where the value is determined mainly by the adsorbed water and high ice

content. A peak in K' is reached at about 40% water content where values

might reach as high as 10 to 15 at -2*C. Since our volumetric water contents

ranged as high as 78% and averaged 66%, these low values of K' are consis-

tent.

* A. Delaney and S. Arcone (1984) Dielectric measurements of frozen silt us-

ing time domain reflectometry. Cold Regions Science and Technology, 9:39-46.
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SUBSEA PERMAFROST: FIELD MAPPING AND NUMERICAL/PHYSICAL MODELING OF ITS

SPATIAL DISTRIBUTION IN THE CANADIAN BEAUFORT SEA

S.M. Blasco
Geological Survey of Canada, Bedford Institute of Oceanography

Dartmouth, Nova Scotia, Canada

D.L. Lewton
Department of Geology and Geophysics, University of Calgary

Calgary, Alberta, Canada

Through the correlation of high-resolution analog reflection seismic pro-

files with geotechnical borehole data from the Canadian Beaufort Continental

Shelf, four types of subsea permafrost have been identified in the upper 100

m of sediment. These include laterally and vertically discontinuous hummocky

patches, stra:igraphically controlled layers, partially to marginally ice-

bonded zones, and infrequent ice lensing and/or massive ice. In general, the

regional distribution of this shallow permafrost varies laterally and verti-

cally in extent and in degree of ice-bonding. The permafrost is primarily

found within late-Wisconsin glacially related sediments lying unconformably

beneath a thin veneer of transgressive and recent marine sediments.

Reverberations, side echoes and static shifts resulting from shallow wa-

ter and shallow permafrost conditions combine to disrupt the lateral continu-

ity of reflectors on high-resolution shallow multichannel data,making the in-

terpretation of stratigraphy, structure and permafrost between 100 and 600 m

difficult. To improve these sections an integrated program involving reproc-

essing and numerical and physical modeling has been established at the Uni-

versity of Calgary. Ray tracing analysis and reprocessing of sections indi-

cate that in the presence of shallow high-velocity layers energy becomes

critically refracted for angles of incidence greater than 25 degrees. This

implies the use of short arrays, or possibly split spreads for long arrays

are required to enhance shallow reflectors.

A physical seismic scale modeling facility including a large water-filled

tank, movable transducer arrays and a high-speed data recorder has recently

been constructed. Known and assumed permafrost distributions will be formed

out of epoxy and Plexiglass and submerged in the tank. These models will be

profiled to produce synthetic sections for comparison with numerical and

field data and to test developments in the acquisition and processing of

high-resolution shallow multichannel reflection seismic data in areas of se-

vere shallow velocity anisotropy.
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A SUMMARY OF FIELD OPERATIONS AND RESULTS OF THREE YEARS
OF TRANSIENT SURVEYS ON THE NORTH SLOPE OF ALASKA

Mark W. Blohm
The Earth Technology Corporation

Golden, Colorado

* For a period of over three years transient surveys with the Geonics EM-37

have been performed along seismic lines and over wells onshore and offshore

on the North Slope of Alaska. Over these three years more than 500 soundings

along approximately 150 miles have been conducted. The lines cover the area

* from Cape Halkett on the west to Flaxman Island on the east.

The logistics and productivity of transient surveying also have been con-

tinuously improved over the years.

The ground truth available to compare with the interpretation of the

transient data consists of approximately a dozen wells. The agreement be-

tween information from induction logs at the well and the geoelectric section

- derived from the transient data is good.
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Figure 1. Permafrost profiles.

% C.:7



Figure 1 shows a section derived from transient surveys in Prudhoe Bay

previously published.* The data illustrate the ability of transient surveys

to map frozen ground under large thicknesses (up to 800 ft) of brine-saturat-

ed unfrozen material.

Ehrenbard, R.L., P. Hoekstra and G. Rozenberg (1983) Transient electromag-

netic soundings for permafrost mapping. In Proceedings, Fourth International
Conference on Permafrost. Washington, D.C.: National Academy Press, p.
272-277.
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BOREHOLE MONITORING OF PERMAFROST ELECTRICAL PROPERTIES

Robert F. Corwin
Harding Lawson Associates

Novato, California

Borehole temperature measurements are commonly used to monitor the degree

of ice-bonding of arctic soils as a function of time and depth. However, be-

I .'-." cause the degree of bonding at a given temperature also is affected by other

soil properties such as pore water salinity, porosity, and grain size and

shape, temperature measurements alone cannot fully determine the degree of

bonding.

The electrical resistivity of a soil or rock usually increases rapidly

with increasing degree of ice-bonding. Thus borehole measurements of the

electrical resistivity of arctic soils provide a valuable supplement to tem-

perature measurements in determining the distribution of bonded soils with

depth. Using a probe consisting of wire electrodes wrapped around plastic

pipe, measurements of both electrode contact resistance and bulk soil resis-

tivity as a function of depth can be made with standard instruments.

Measurements of this type have been made on an offshore gravel island

built for petroleum production near Prudhoe Bay, Alaska. Both the contact

resistance and the bulk resistivity data defined the nature of the transition

zones from unbonded marine sediments beneath the island to unbonded gravel at

the sea floor, and from unbonded to fully bonded gravel with decreasing

depth. Changes of the island's resistivity profile with depth were monitored

over a period of two years, beginning shortly after construction of the is-

land. The resistivity of the material below the sea floor was seen to remain

constant at about 1 ohm-m, but the resistivity profile within the gravel

changed considerably. The resistivity of fully bonded gravel above sea level

ranged from about 200 up to 10,000 ohm-m, depending on its salinity, tempera-

* ture and porosity. Seasonal resistivity changes in the active surface layer

also were clearly evident.

'.'- Borehole resistivity systems of the type described above are relatively

inexpensive to construct, install and monitor, especially if this is done in

conjunction with borehole thermistor installations. The resistivity data

should prove useful in monitoring time-varying bonding conditions, both in

natural areas and beneath engineering structures in permafrost regions.
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SOME ASPECTS OF INTERPRETATION OF TRANSIENT EM DATA FOR

MAPPING FROZEN GROUND ON THE NORTH SLOPE OF ALASKA

Lauren E. Evans
The Earth Technology Corporation

Golden, Colorado

In this presentation the interpretation techniques used on three

geoelectric sections typical of permafrost on the North Slope of Alaska were

discussed. The first section consists of highly resistive frozen ground

underlain by brine-saturated unfrozen ground at a depth of about 2000 ft.

This section, for example, would be typical of the thick frozen gravels

encountered on land near Prudhoe Bay. The second section is offshore in an

area where as much as 800 ft of brine-saturated material overlies several

hundred feet of frozen ground. The range of equivalence in interpreting this

section was evaluated. The third section is an example of the complex frozen

ground distribution encountered offshore in the deltas. The importance of

*using two transmitter loop sizes was illustrated for several soundings.

-
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A DIGITAL INFORMATION SYSTEM FOR
DELINEATION OF DISCONTINUOUS PERMAFROST

H.B. Granberg

Department of Geography, McGill University

Montreal, Quebec, Canada

Since 1954, when mining was begun by the Iron Ore Company of Canada at

Schefferville, Quebec, the effect of permafrost on open-pit mining of iron

ore has stimulated efforts to develop methods for delineating the permafrost.

Simple digital terrain models were first used in 1970 to predict spatial var-

iations in snow depth as an aid in permafrost prediction (Granberg 1972,

1973).

Through a grant from the Defence Research Establishment Suffield it was

possible to establish a large digital terrain model in the Timmins-Barney

area, some 25 km northwest of Schefferville (Parry et al. 1982). The digital

terrain model was used for further development of the snow prediction method

and the development of the predecessor to the digital geographic information

system described here.

Grants from the Department of Energy, Mines and Resources, Canada made it

possible to collect most of the information that has accumulated throughout

the 25 years of permafrost research in the Schefferville area. The resulting

two reports (Granberg et al. 1983, 1984), totalling some 42 volumes of pa-

pers, theses, reports, correspondence and data, include digital data from

over 200 thermocable installations and numerous soundings of active layer

depth. They also contain auxiliary information on topography and geology in

the form of detailed maps, cross sections and stereo models. An additional

set of information currently being retrieved consists of the thermal proper-

ties of the different rock types at Schefferville using drill cores from Iron

Ore Company collections. A set of aerial photographs, taken sequentially at

approximately weekly intervals throughout several snowmelt seasons, provide

*i excellent information about the spatial distribution of the seasonal snow

cover, which is one of the main factors controlling the spatial variations in

* surface energy balance.

To cope with this large and varied data base a digital geographic infor-

mation system is being developed. The information system consists of a ser-

."ies of programs which manage the data base and facilitate retrieval, manipu-

11
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lation and display of information that is either stored in the data base or

derived from it.
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THERMAL PROPERTIES FROM BOREHOLE HEATING:

EXPERIENCE IN THE CANADIAN BEAUFORT SEA, 1984

W.D. Harrison and J.L. Morack

Geophysical Institute and Physics Department, University of Alaska
Fairbanks, Alaska

The University of Alaska was invited to participate in the 1984 Geologi-

cal Survey of Canada (GSC) spring drilling program in the Beaufort Sea. A

series of 22 sub-bottom boreholes was drilled northwest of Richards Island.

Two of these holes (45+00 and 36+00) were electrically heated and their tem-

perature responses were monitored.

The difficulty of obtaining thermally and mechanically undisturbed soil

samples during subsea permafrost investigations has led the University of

Alaska to the development of a method of in-situ measurement.* The approach

is particularly valuable in reconnaissance jet-drilling and probing investi-

gations when no soil samples are obtained at all. A unique problem in subsea

materials is that it is often difficult to tell from the drilling or from

samples taken whether ice is present in situ. If the borehole is repeatedly

logged for temperature after completion, this question can sometimes be re-

solved by an interpretation of the rate of return of the hole to temperature

equilibrium, but clearly a better approach is desirable.

The method used is to supply a known amount of energy per unit length in

the borehole, using a long, electrically heated wire, and to study the tem-

perature response. The interpretation is simplest if the heating is carried

out after temperature equilibrium has become reestablished following drill-

ing, but in some cases this is not essential. If no ice is present, the ap-

proach to equilibrium after heating can usually be interpreted to give the

thermal conductivity as a function of depth. The presence of ice is indicat-

ed by a different temperature response. The method is most effective in

small diameter boreholes, because the time required to obtain interpretable

results varies approximately as the square of the hole diameter.

This in-situ method is still in its developmental phase, and it is there-

2- fore of special interest to compare thermal conductivity measured by this

technique with that measured on samples by laboratory methods. The GSC sam-

* Osterkamp, T.E. and W.D. Harrison (1980) Subsea permafrost: Probing, ther-

mal regime and data analysis. OCSEAP Annual Report, 1 April, p. 9-10.
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pies taken in this study provide an ideal opportunity for this comparison be-

cause they appear to be relatively undisturbed.

Theory shows that the temperature response, AT, on the axis of a linear

heat source after the heat is turned off is:

AT P n t41rk ,t-s

where P is the power per length, s is the time of heating, k is the thermal

conductivity, and t is the time, measured from the time the heating begins.

Analysis of the data from hole 45+00 indicates the utility of the method

for a borehole containing no ice. The hole was heated for 7.0 hours with an

average power of 33 ± 3 watts/m. The data near the bottom of the hole (Fig.

1) follow the theory after approximately I hour. Data taken at shallower

depths, where the material is more disturbed by the drilling, take longer to

fit the theory. Thermal conductivities for the materials were calculated us-

ing the theory and gave values in the range from 1.4 to 1.8 W/m *C. These

values agree well with those measured in the laboratory for samples taken

from the holes.

Analysis of the data from hole 36+00 was complicated by the presence of

ice, which is clearly indicated by the cooling curves (Fig. 2). In this case

the utility of the method seems to be in its sensitivity to amounts of ice

that were too small to be detected during drilling or sampling, rather than

in a determination of thermal conductivities. The cooling curves are quite

different from those observed at Prudhoe Bay where the ice content is known

to be high, suggesting that further analysis may be able to determine quanti-

tatively the amount of ice present.
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W0 0000 0
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MEDIUM SCALE MAPS OF PERMAFROST AND GROUND ICE CONDITIONS,
TUKTOYAKTUK AND ILLISARVIK AREAS, WESTERN ARCTIC COAST, CANADA

J.A. Heginbottom
Terrain Sciences Division, Geological Survey of Canada

Ottawa, Ontario, Canada

" A general knowledge of ground ice conditions is important in planning

many forms of industrial and developmental activity within permafrost re-

gions. This information is required in addition to the data on topography,

surficial geology, drainage and groundwater conditions traditionally demanded

of geologists. In Canada, the Geological Survey has been attempting to fill

these needs for some two decades by producing maps of surficial geology and

terrain conditions in areas where developmental activity is most intense.

- -Many of these maps have been accompanied by extended tabular legends which

"" include information on permafrost and ground ice conditions, wherever the ex-

tent of subsurface information is sufficient. These maps are generally at

6 scales of between 1:100 000 and 1:250 000.

There are two small areas of the western arctic coast of Canada for which

* detailed information is available and for which larger scale maps (1:25 000)

of the surficial geology have been produced. These are the areas around the

_. settlement of Tuktoyaktuk, on the east side of Kugmallit Bay, and around Il-

* . lisarvik, on northern Richards Island (Fig. 1). Detailed mapping of the sur-

ficial geology of these areas was done in 1971-1973 at Tuktoyaktuk (Rampton

TUKTOYAKTUK AREA

ILLISARVIK AREA Beaufort Sea / €
• '€ .. 0S, .* Topkakm

Mflh~dl,. .a

NLW.T LS0

- . Al/ik

0 300km 0 5km

Figure 1. The llilsarvik and Tuktoyaktuk areas, northwest Canada.
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and Bouchard 1975) and in 1982 at Illisarvik (Hardy Associates 1983). Fur-

thermore, substantial subsurface investigations have been done, by means of

drilling and sampling programs undertaken by various agencies. In addition

to the detailed surficial geology maps, reports describing surficial depos-

its, geomorphic processes, Quaternary history and engineering considerations

are available for both areas. The data base for these two areas is thus suf-

ficient to allow the compilation of maps of the permafrost and ground ice

conditions.

These new maps are being compiled at a scale of 1:50 000, using a common

- . legend and permafrost classification developed specifically for this task.

The map areas are in similar geologic settings and are only 60 km apart.

Permafrost conditions are described in order of decreasing extent and de-

creasing ice content for each of the map units. The legend presents informa-

tion on the extent and continuity of frozen ground, the general location of

taliks, the quantity of ground ice and its configuration. A summary of the

surficial geology conditions for each map unit is also included. It should

be emphasized that, as with all earth science maps, local variations in the

extent, thickness and ice content of the materials occur in many map units.

Ice content is described in a semi-quantitative way, using the terms low, me-

dium, high and very high. These terms can be defined only generally, for ex-

tensive, detailed subsurface data on ice contents are unavailable. On this

basis, six major permafrost and ground ice environments are defined with re-

spect to their geomorphic and geologic conditions. These are described

briefly in the following paragraphs.

Permafrost is most extensive in areas of morainal and colluvial diamic-

tons, overlying sandy glaciofluvial and pre-Holocene marine deposits, and in

areas of fine-grained lacustrine deposits overlying glaciofluvial sands. The

diamictons are found to the south, southwest and northeast of Tuktoyaktuk

Harbour and around Mallik Bay near Illisarvik. Ice contents are low to medi-

* -' um, with the ice occurring as wedges, lenses and reticulate veins. Pore ice

is ubiquitous. Bodies of massive ice are common at the base of the diamic-

*tons. Massive ice also underlies an ares of lake terraces east of Tuktoyak-

tuk Harbour; here growth of the massive ice has resulted in topographic re-

versal, with the lake terraces standing above adjacent deposits (Rampton and

Bouchard 1975). Infrequent taliks are found below thermokarst depressions.

To the east of allik Bay (Illisarvik map) is an area of pre-Holocene,

sandy, marine-deltaic deposits. These are characterized by extensive perma-
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frost, with rare taliks below deep lakes and thaw depressions, and generally

low ice content. At Tuktoyaktuk, a broad zone of glaciofluvial sands and

gravels runs from southeast to northwest across the northern part of Tuktoy-
aktuk Harbour, including Flagpole Point, Tuktoyaktuk Island and Beluga Point.

These deposits are characterized by continuous permafrost with infrequent

taliks beneath deep lakes and thermokarst depressions. Ice contents are low

near the surface, where ice occurs in wedges and lenses, but locally there

are high to very high contents, with ice lenses and bodies of massive ice.

Pore ice is again ubiquitous.

Scattered throughout the units just described are numerous drained lake

basins, many containing residual ponds. These are underlain by lacustrine

deposits of interbedded silty clay and fine sand, often organic-rich, and lo-

cally underlain by diamictons. In the Illisarvik area, southeast of Swan

Channel, is an area where the lacustrine deposits are veneered with Holocene

deposits. Permafrost is continuous in these materials, but with more exten-

sive and more frequent taliks beneath channels, thaw lakes and recently

drained basins, such as Illisarvik itself. Ice content is generally high in

the upper several meters of permafrost, with ice in the form of wedges and

reticulate veins; low to medium ice content is found at greater depths, in

reticulate veins. Pingos occur exclusively in this map unit; they are large-

ly confined to drained lake basins within the areas of morainal deposits, to

the southwest and northeast of Tuktoyaktuk and to the south of Mallik Bay.

Massive ice of segregation and intrusive origin is found in the cores of the

pingos.

Discontinuous permafrost is found in association with marine and alluvial

deposits. A complex distribution of frozen and unfrozen ground, reflecting

changing hydraulic conditions, is found beneath areas of recent and modern

alluvial, deltaic and marine deposits in tidal flats, floodplains and ter-

races. The materials are stratified silts, fine sands and clays, frequently

organic-rich, locally overlying diamictons or sands. Taliks are found be-

neath channels, ox-bows and thaw lakes. Where the ground is frozen, ice con-

tent is medium to high in the form of reticulate veins, wedges and lenses

plus pore ice. Permafrost is aggrading in areas of active sedimentation.

Near Illisarvik, this map unit occurs along the southeast side of Mallik Bay,

alongside Swan Channel and beneath the alluvial islands west of Mallik Chan-

U nel. The map unit is less extensive near Tuktoyaktuk; it occurs around bays
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between Topkak Point and Beluga Point, south of Tuktoyaktuk Island and around

Split Hill and Ibyuk Pingos.

Thin, sporadically distributed permafrost with low ice content is found

in marine beach deposits, primarily along the shore of Kugmallit Bay.

Organic deposits overlie lacustrine deposits and also occur in small are-

as of poor drainage on other deposits. The peats are generally I to 2 m and

locally up to 4 m in thickness and grade into the underlying deposits. Ice

content is very high, with ice occurring in numerous small lenses.
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PERMAFROST DiStRIBUTION IN NORTHERN CANADA:
INTERPRETATION OF WELL LOGS

A. Judge and A. Taylor
Earth Physics Branch, Department of Energy, Mines and Resources

Ottawa, Ontario, Canada

DATA BASE

Through three contracted studies (D&S Group 1983, Hardy and Associates

1984a, b) the base of permafrost has been determined using the conventional

well logs from 530 wells drilled for hydrocarbon exploration in northern Can-

;, a. !)t the wells examined, 220 were in the Mackenzie Valley and the Yukon,

I i-i the Mackenzie Delta - Beaufort Sea region and 150 in the Arctic Is-

Is. For each well the suite of logs was examined using the techniques

Nitlined by Walker and Stuart (1976), Hnatiuk and Randall (1977), Hatlelid

and Macdonald (1979) and Osterkamp and Payne (1981). The values determined

are strictly the base of ice-hearing permafrost as revealed by changes in the

physical properties, in particular the electrical and acoustic properties.

In coarse-grained sediments the base may coincide closely with the 00 C iso-

therm, the difference dependent on depth and pore water salinity alone. In

fine-grained soils the freezing characteristics of the soil or rock predomi-

nate and the base of the ice-bearing layer may be as much as l00 m above the

O°C isotherm, with a transition layer below (Osterkamp and Payne 1981, Taylor

.- and Judge 1981). The bottom of the ice-bearing sediments is in fact deter-

mined by a very complex set of soil characteristics, both static and dynamic,

whose relationships remain poorly understood.

Over the past 15 years precise temperature measurements have been made at

successive times since completion in 120 wells drilled for hydrocarbon ex-

ploration (Taylor et al. 1982). The base of ice-bearing permafrost, the OC

isotherm and indications of zones of high ice content as derived from this

data set were used to develop criteria for (essentially to calibrate) the in-

terpretation of the geophysical well logs.

S

THICKNESS OF PERMAFROST

* . The most detailed picture of permafrost distribution emerges for the

. Beaufort Sea and Mackenzie Delta regions. In Figure 1, the pick of perma-

Ufrost base has been plotted and the values contoured at 100-m intervals where
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data permit. The greatest depth, as much as 740 m, to the base of permafrost

on land is in the northern part of the Mackenzie Delta on northern Richards

Island, but depth exceeds 500 m in the northern half of the entire Tuktoyak-

tuk Peninsula between the east channel of the delta and the northeastern tip

of the Tuktoyaktuk Peninsula. Offshore, depth to the permafrost base reaches

700 m beneath the sea-floor. Almost the entire shelf between longitude 129'W

and 136*W is characterized by thick occurrences of permafrost in and below

the seabed. The seaward boundaries of permafrost determined from the well-

log analysis coincide closely with the boundaries of permafrost inferred from

seismic refraction velocities on the upper permafrost table. Seismic inter-

pretation (Neave et al. 1978) suggests an additional portion of the north-

eastern shelf, extending southwesterly in a belt 15-20 km wide, to be without

this frozen substrate. Lack of well information in the area prevents confir-

mation of the total absence of permafrost throughout the belt.

Thickness of permafrost decreases in the southern portion of the Macken-

zie Delta, and possibly on the Yukon Coastal Plain. The offshore area west

of 136'W is largely characterized by thin or absent permafrost. A few limit-

ed observations onshore to the east of the study region again indicated thick

* permafrost, e.g. 300 m at 68*51'N, 126*47'W, and 450 m at 670441N, 126 0501W

(Taylor et al. 1982). Similar increases in permafrost thickness might be ex-

pected west of the Mackenzie Delta with a boundary either in or to the south

of the Yukon coastal areas. However, well data are not available to confirm

this. West of the Mackenzie Trough, offshore permafrost may again thicken,

although again the little well data that are available do not confirm the

supposition. Sediment characteristics are akin to those encountered in the

Alaskan Beaufort, where thick permafrost is encountered offshore (Osterkamp

and Payne 1981).

As shown in Figure 2 the interpretation of well logs from 150 exploratory

wells in the Arctic Islands yields a wide range of results, from a base of

permafrost of 131 mn on Linckens Island to 860 m at Cornwallis Central Dome.

In a general sense the permafrost thickness exceeds 600 m in the interior of

Banks, Devon, Cornwallis, Melville, Prince Patrick and King Christian Is-

lands, and generally ranges between 300 and 600 m throughout much of the rest

of the onshore areas. The shallowest permafrost in onshore areas appears to

* . occur in the Sabine Peninsula of Melville Island, close to the present shore-

lines of many of the islands and in the more southerly parts of the region.
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Figure 3. Depth to base of permafrost in the western Northwest Territories

and Yukon. Approximate division shown between less than and more than 300 m

to base of ice-bonded permafrost.

* Unfortunately, many of the logs in the offshore wells were commenced at too

great a depth to determine the absence or presence of permafrost.

Permafrost thickness, as evidenced in 220 wells between the Beaufort re-

- gion and the Alberta provincial border, is highly variable in this more

southerly area. The overall trend shown in Figure 3 is of permafrost greater

- than 300 m in thickness in the northwest part of the region and north of

Great Bear Lake, a general increase away from the Mackenzie Valley, and a de-

*crease in thickness from 600 m in the north to sporadic or nonexistent in the -

- south. Locally, permafrost becomes highly variable in thickness.
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SHALLOW INDUCTION MEASUREMENTS IN PERMAFROST TERRAIN

K. Kawasaki and T.E. Osterkamp
Geophysical Institute, University of Alaska

Fairbanks, Alaska

With three-fourths or more of the land surface of Alaska and its conti-

nental shelf underlain by permafrost, problems arising from the thaw insta-

bility of permafrost will probably be as frequently encountered in the future

development of the resources of this region and supporting infrastructure

(such as roads and houses) as they have been in the past. As an example, it

* is estimated that one-fourth to one-fifth of the more than 100-million-dollar

maintenance budget for Alaskan highways is attributable to permafrost-related

problems. Thus, any techniques that remotely and rapidly provide knowledge

of subsurface permafrost conditions which would allow avoidance and/or spe-

* cialized construction methods to be used could be of great benefit to the or-

derly and cost-effective development of the arctic regions.

* A number of geophysical exploration techniques have been applied to per-

mafrost detection in Alaska and elsewhere. In particular, electromagnetic

induction (EM) has been used extensively for this purpose, especially in geo-

technical problems. We have made some selected EM surveys to evaluate the

effects of terrain type and season with the fixed-frequency, fixed-loop-sepa-

ration Geonics EM-31.

As has been demonstrated by previous studies, our results indicate, gen-

erally speaking, that the most favorable time for detecting ice-rich soils

and ground ice is the late winter - early spring months. However, under some

circumstances of temperature and moisture profiles with depth, ground ice may

not show a detectable resistivity contrast from surrounding frozen ground

even during periods considered favorable. An example of this situation has

been modeled using a layered earth.

* * For many surveys, made during the late summer - early fall period when

the active layer above permafrost is thawed, the apparent conductivity aav

obtained in the vertical coplanar loop mode was larger than the aaH ob-

* tained in the horizontal coplanar mode. Modeling of this situation indicates

this result is an artifact of the cumulative response functions (Rv and RH)

in the two modes. (The response function RH for the horizontal mode falls

* off faster than that of the vertical mode for a certain range of depths.)
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Terrain and vegetative cover are important factors in determining where

frozen ground will occur in interior Alaska. Measurements made over poorly

drained and well-drained flatlands indicate that drainage patterns signifi-

cantly determine where frozen ground will occur, with drainage channels asso-

*- ciated with unfrozen zones.
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IMPULSE RADAR SOUNDING OF FROZEN GROUND

A. Kovacs and R.M. Morey

Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire

VHF electromagnetic impulse sounding is currently being used by a number

of organizations for probing into frozen ground. During the past decade, we

have used an impulse radar system in the Arctic and Antarctic to study the

electromagnetic properties and thickness variation of lake, sea and shelf

ice. However, as a side activity to our work we have used the system to ex-

plore various subsurface ground features in Alaska. One of our first results

was the mapping of massive ice along a segment of the Alyeska Pipeline and

the pump station feeder gas pipeline. In this study we used a dual antenna

configuration in which one antenna was a transceiver and the second a receiv-

er only. This configuration generated wavelet flight time information which

allowed us to delineate the thickness and lateral variation of the buried

massive ice.

An example of the profile results is shown in Figure 1. In this record

the top and bottom of massive ice as revealed by the radar are indicated by

the dark line. The location of ice as found during drilling of the vertical

support member (pile) holes is also indicated. While the drill holes at any

Snow Road Surface Stream Bed
vsU station

218 220 222 224 226 228 230 232 234 236 38 240

04

;il ...2 , - , , , ., ,; .. * , • ,.,,s. 1

24 -

. *Tundra Surface (i40m

.' Figure 1. Graphic record of impulse radar data collected along the Alyeska i'

_' i Pipeline from VSM Stations 218 to 240. Lines labeled Top and Bottom denote-.-

l field interpretation ofmssive ice horizon., h ' on th eodrepre-

ofi Th Os hereor

| sent top and bottom of ice found in the west VSM borehole and the X's top [

~and bottom logged at the east VSM borehole.
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one station were only about 3 m apart, the depth to the ice encountered in

each hole, and its thickness, varied significantly, as indicated, for exam-

ple, by the logs for the east and west drill holes at station 221. Even

though the radar profile was run about 8 m away from the east boreholes, the

correlation between the drill log and radar massive ice positions is quite

good. Further information on the results of this survey can be found in

Kovacs and Morey (1979).

In May 1982, the ice depth in several pingos near Prudhoe Bay, Alaska,

was profiled. In this study we used antennas with center frequencies in air

of about 80 MHz, 120 MHz, 300 MHz and 500 MHz. We found that the information

provided by each antenna highlighted different internal features of the pin-

gos. Examples of the radar profiles made over Weather Pingo are shown in

Figures 2-5. These profiles were made perpendicular to the long axis of the

pingo. The records reveal internal layering in the subsurface ice. Some of

these layers are shown in Figure 6, which depicts the cross section of the

0 Station
2 3 4 5 6 7 8..i]I I I 1

O- TIME ZER0 SURFACE

4-. • "* ., - -
"INTERNAL LI

- ,-.•. ICE ' '

B-. - "U!. :' ,; .

, -- GRAVEL'

Figure 2. Grondpeetatn raa rfl"aefo ot onrhoe

I " II

* . ,

Figure 2. Ground-penetrating radar profile made from south to north over

Weather Pingo usi-ng a 500-MHz antenna. Distance between stations is 10 m.
Note internal layering within the ice core of the pingo.
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pingo as constructed from elevation surveys and the radar sounding data. A

core through the pingo revealed that the ice in it was composed of bands con-

taining different bubble arrangements and geometries as well as sandy ice

layers up to 0.7 m thick (Fig. 6)(pers. comm., Bruce Brockett, GRREL). The

depth to the bottom of the ice and to the various internal layers was esti-

mated by using an effective velocity of the radiated impulse wavelet in the

bubbly ice and overburden of 0.172 m/ns. Using this value, and the wavelet

time of flight, the calculated ice depth agreed within 2% with the drill-

hole-measured depth of 13.1 m.
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.~A*INTERNAL LAYERS
.. ' % ........ 01
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* - 4 '

*Figure 3. Second radar profile over Weather Pingo using a 300-MHz antenna.

Horizontal banding is noise.
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Figure 4. Fourth radar profile over Weather Pingo using a 120-MHz antenna.
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Figure 6. Cross section of Weather Pingo.
Drill hole data from B. Brockett (pers. comm.,

CRREL).

Figure 7. Ice core from Weather Pingo showing sand layer

at about 4.75 m (courtesy of B. Brockett, CRREL).
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Figure 8. Radar profile made over Prudhoe Mound (pingo) using a 500-MHz
antenna. Distance between stations is 25 ft (7.6 in).

The radar profile data revealed a rising interface under the pingo. We

* are uncertain as to whether this feature is an artifact of wavelet time-of-

flight variation or refraction in the pingo, sensing angle distortion, or in-

deed the relative configuration of the gravel feature encountered at the bot-

tomn of the borehole. A similar feature was observed in the radar profile

data taken over the Prudhoe Mound pingo (Fig. 8-10). We believe that the

gravel layer under both pingos is "flat, and the indicated rise in the grav-

el layer is a profile artifact.

Coring at the toe and on the slope of Weather Pingo would provide infor-

mation on the slope of the ice/gravel interface and the internal layers with-

in the pingo ice.

A radar profile was made on the relatively level surface at the top of

Weather Pingo. The profile was run along the long axis of the mound, perpen-

dicular to the profiles in Figures 2-5. It indicated that the ice/gravel in-

terface was relatively flat as shown in Figure 11. There is also indication

of layering in the gravel just below the ice/gravel interface.
I V Wide-angle reflection and refraction (common depth point) measurements

were also made on the top of Weather Pingo. Analysis of the two-way wavelet
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2 2travel time (t) versus antenna separation distance (x) in a t versus x plot

gave an apparent wavelet velocity to the gravel interface of 0.161 m/ns. As

with virtually all radio echo wide-angle reflection and refraction sounding

results when the dielectric constant varies with depth (see paper by Morey

and Kovacs, p. 53 of this report), this velocity did not agree with the value

calculated from the wavelet travel time obtained in vertical sounding and the

drill-hole-measured gravel depth. At Weather Pingo the velocity was found to

be about 0.172 m/ns.

Temperature measurements made in the borehole one year after drilling

are shown in Figure 12. At a depth of 13 m, the temperature in the pingo is

--
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7.5 ns 30m
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-TIME ZERO SUAFACB

4- :4
-j~ ~ ~~~C-L I TOIE :" °''Ct ... 7

FROZEN-UNIMOZIN
SILT INTERPACIE

*4
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Figure 13. Graphic records of radar profiles made on surface of grounded
fast ice.
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Figure 14. Radar profile made on dredge tailings. Superimposed on the
record are three x-y plots of the reflected EM wavelet. Note that the
higher voltage amplitudes of the wavelets appear as darker bands on the
record. The ordinate is the two-way travel time. Velocity to top of
steel culvert on left was 0.155 m/ns (C-'about 3.7). Frozen water table
at position A was at about 1.9 m and the free water at about 3.3 m.
Water table on extreme left was at about 5.9 m.
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Figure 15. Radar profile along road on Duck Island. A drill hole at the
location of the superimposed reflected EM wavelet on left side of figure
revealed frozen sandy gravel to about 0.4 m, then a thin frozen silt band
at about 18 ns on the ordinate followed by frozen gravelly sand. The water
table at the bottom of the frozen ground was located at about 2.90 m (V
about 0.153, c' about 3.8).
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approaching the relatively stable temperature of the surrounding ground,

which is about -8.5'C at a depth of about 20 mn.

Impulse radar subsurf ace prof iling was used on the ice surf ace of f the

Sagavanirktok River Delta in 1978 to detect the frozen sea ice/seabed inter-

face. The bottom-fast ice at our study site consisted of 0.35 mn of brackish

water ice having a salinity of 0.1 to 0.70/00 followed by about 0.57 m of sea

ice having a salinity of 2 to 60/00. The seabed below the ice was found to

consist of frozen silt. Drilling into this material revealed it to be frozen

to a depth of about 0.5 mn. Below this interface the silt was found to be

moist. Graphic records of two profile runs are presented in Figure 13.

These records show the sea ice/silt interface and, intermittently, the

frozen/unfrozen silt interface.

In 1980 at Fox, Alaska, we were able to detect the frozen water table

in dredged gravel tailings and the free water below this interface (Fig. 14).

Along a segment of the Tanana River bank by the Fairbanks Airport the depth

of the seasonal frost table (about 3 m) was profiled as was the depth to the

* bottom of the nearby permafrost, which varied from 4 to 8 mn. The water table

* in the thawed ground was again detectable. On Duck Island in the Tanana Riv-

er impulse radar profiling revealed subsurface soil layering and the seasonal

frost -water table boundary (Fig. 15).

BOTTOM .SEDIMENT LAYERING

BOTTO

Figure 16. Profile of pond bottom and internal sediment layering. Pond was
about 12 mn deep on left side of profile.
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The depths of lakes and rivers have also been profiled from the ice sur-

face, and internal sediment layering observed (Fig. 16).

The above findings represent positive sounding results. We have also

had many negative results where the soils were highly conductive, thus limit-

ing electromagnetic penetration. Where the internal ground structure was

very disordered the source of the reflected wavelets could not be determined.

Unsatisfactory surveys have also resulted from various equipment malfunc-

tions.
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SUGGESTED LEGEND TERMINOLOGY FOR PERMAFROST MAPPING

R.A. Kreig
R.A. Kreig & Associates, Inc.

Anchorage, Alaska

INTRODUCTION

This discussion is concerned with the terminology used for mapping the

areal extent of permafrost (as opposed to the mapping of frozen soil types or

ground ice content). It is not concerned with whether the permafrost is de-

fined by temperature (cryotic) or the degree of ice bonding (van Everdingen

1976). The mapping of permafrost has recently been reviewed and discussed by

Heginbottom (1984) (see also paper on p. 15). That review touched on the

different legends and terminology that have been used in the past to prepare

such maps. This paper will treat this subject in more detail and present a

suggested legend for discussion.

SCALE CATEGORIES FOR PERMAFROST MAPS

Permafrost maps can be divided into four broad-scale categories:

Very Small Scale 1:1,000,000 or smaller--includes the "miniature maps"

and "national maps" of Heginbottom (1984, p. 78)

Small Scale 1:100,000 to 1:1,000,000

Medium Scale 1:24,000 to 1:100,000

Large Scale 1:24,000 or larger--includes the detailed geotechni-

cal and terrain unit maps prepared for recent petro-

leum transportation projects in Alaska (TAPS and

ANGTS at 1:12,000 scale)

PREVIOUSLY USED TERMINOLOGY

Most small and very small scale maps call their permafrost subdivisions

zones, while others describe them as units (as noted in the following

description of individual maps).

Small and Very Small Scale maps: Black (1950) used a legend with the

terms continuous, discontinuous and sporadic permafrost zones on a

1:60,000,000-scale map of world permafrost distribution. If the permafrost-

free areas are considered to also be a zone, this map has a total of four

units. Ferrians (1965) used a legend which first subdivided the state on the
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basis of physiography for a l:2 ,500,000-scale map of permafrost in Alaska.

At the second level in the legend, he further subdivided on the basis of five

units. These units were named, in decreasing order of permafrost extent

(based on the percentage of permafrost in the different mapping units): con-

tinuous, discontinuous, numerous isolated masses, isolated masses, and free

of permafrost. Four different permafrost zones are shown on the

1:2 5 ,000,000-scale permafrost map of Canada by Brown (1970). The permafrost

region was first divided into continuous and discontinuous zones; the latter

zone was then subdivided into the widespread and southern fringe zones; there

is also an implied permafrost-free zone. For onshore, latitudinal permafrost

P~w4 (1983) used only the terms continuous and discontinuous permafrost for a

total of three zones if the permafrost-free areas of his map are implied to

also be a zone. While Brown (as did P6w6 1983) avoided use of the term spor-

adic, Ives (1974) and Heginbottom (1984) restored Black's use of it for their

l:80,000,O00-scale maps of Northern Hemisphere permafrost distribution.

Large Scale maps: On numerous terrain assessment projects in Alaska

performed in the past 14 years, I have used a permafrost mapping terminology

concept that is based solely on the percentage areal extent of permafrost.

These projects include the highly detailed geotechnical investigations re-

quired for design of the Trans-Alaska Pipeline System (TAPS) and the Alaskan

Northwest Natural Gas Transportation System (ANGTS), which involved mapping

based on airphoto analysis, extensive field work, and approximately 25,000

boreholes. Mapping scales were typically 1:12,000. The legend used had four

units:

Symbol Unit name Permafrost extent

F Generally frozen 90-100% frozen

D Discontinuously frozen 50- 89% frozen

S Sporadically frozen 11- 49% frozen

U Generally unfrozen 0- 10% frozen

PROPOSAL FOR A NEW LEGEND TERMINOLOGY

With increasing interest in the mapping of ground ice and permafrost in

Canada and the U.S., this may be a good time to discuss ideas for a new leg-

end. It is my belief that such a legend should ideally attempt to satisfy

the following criteria:

1. The same basic legend should be suitable for use with all the different

scales used for permafrost mapping (from Very Small to Large).
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2. The same legend should be suitable for use whether large or small amounts

of field information are available to prepare the map. Numerous borings

and field observations, including ground temperature sites, are available

to the terrain analyst doing mapping on mammoth projects like TAPS,

ANGTS, Polar Gas, etc. In contrast, other mapping may have to be pre-

pared from very limited field data or image interpretation alone.

3. The legend should be based on the percentage (by area) of a given map

unit that is underlain by permafrost. Permafrost can be defined as eith-

er cryotic (temperature below 00C, also termed climatic) or ice-bonded

(phase change of water fraction to ice). In the past, some maps have

been based on air temperature data because of the absence of any avail-

able subsurface information. Other map legends have used permafrost

ground temperatures as the basis for defining zones (for example, the

Soviet Union has used the -5*C zero amplitude temperature to differenti-

ate the continuous and discontinuous zones). The use of either of these

% criteria leads to imprecise and unreliable permafrost maps. Zero ampli-

tude ground temperatures can vary by more than 6*C over distances of less

than 2 km in interior Alaska (depending on soil textures, ground-mat

characteristics, slope, aspect and vegetation types). It is clearly no

longer necessary to rely on climate data or ground temperatures to define

the legend units for permafrost mapping. Synoptic views of terrain are

now possible from enhanced Landsat imagery and high altitude color infra-

red photography. Subsurface data that are available can now be much bet-

ter applied and extended in a mapping process because of the continuing

improvement of photointerpretation techniques combined with more complete

* utilization of existing low-altitude airphoto coverage.

K4. It should be possible to express uncertainties on the map that result

* from either lack of information or conflicting information.

5. The criteria defining the breaks between units in the legend should re-

late as much as possible to units that can be mapped from airphotos and

Landsat images and/or field work.

6. The unit breaks should have significance for the needs of the users of

these maps, especially engineering and geotechnical users.

7. The legend approach should include the concept of a control section (i.e.

the depth below the surface used to include permafrost bodies on the

map).
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Generalized Mapping Detailed Mapping
(typically with little or no field data) (typically with extensive field data)

Map Percent of Map
Symb~ol Unit Name Unit Frozen Unit Name symrbol

-73c Continuously Frozen F1

F Generally Frozen 95-100 Generally Frozen F

D Discontinuously Frozen 50-94 Discontinuously Frozen D

S Sporadically Frozen 6-49 Sporadically Frozen S

U Generally Unfrozen 0-5 Generally Unfrozen U

HO Unfrozen us

Figure 1. Proposed legend for mapping the extent of permafrost on maps of
Large to Very Small scale.

6I would like to propose for discussion a legend for permafrost mapping

(Fig. 1). 1 believe it satisfies most of the ideal features enumerated above

for such a legend.

This legend is a refinement of the one I have previously used on other

projects. It has proven to work well for large and medium scale permafrost

mapping and I have experimented with it successfully for small scale mapping

on enhanced Landsat imagery. I have not tried it for very small scale maps.

Uncertainties can be expressed with this legend by adding question marks

to the symbols F, D, S, or U thus: F?, D?, S?, U?. Question marks should

not be used with units F' and U' because, by definition, they are known to be

either respectively frozen or unfrozen (at whatever confidence level is re-

quired for a given purpose).

I propose that a control depth of 50 ft (15 m) be used because the oc-

* currence of permafrost anywhere within this depth can potentially have a sig-

* nificant impact on engineering structures

* COMMENTS ON INDIVIDUAL UNITS

* F': Continuously Frozen

This unit should be used only where either 1) sufficient field informa-

U tion is available to conclusively demonstrate that the mapping unit is con-
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£ tinuously frozen, or 2) the identification characteristics of the permafrost-

terrain relationships (vegetation, airphoto pattern, etc.) are sufficiently

straightforward to make a confident interpretation with minimal field data

(with due regard to the skill and experience of the permafrost mapper). Note

that for most engineering purposes, it will not be necessary to prove that

the generally frozen unit (F - 95-100% frozen) has no unfrozen zones. The

mapping of a unit as simply "F" will generally suffice. However, for appli-

cations where frost heave is of prime concern (such as chilled gas pipelines)

* the FP unit has distinct engineering significance because heave can occur in

any wet, unfrozen, fine-grained taliks that might be present.

* F: Generally Frozen

Ninety percent was previously used as the break between the generally

* frozen and discontinuously frozen legend units on the detailed large-scale

* terrain studies for ANGTS and TAPS. For most units that would be mapped as

* "generally frozen," I feel that the permissible inclusions of unfrozen ground

* in the "F" unit can be confidently reduced from 10% to 5% because of the

quality of airphotos and imagery now available and the advancement of skills

in terrain analysis of permafrost regions. This would place the break be-

tween the generally frozen and discontinuous units at 95% rather than the

previous 90%. Mapping unit variability in the "F" unit would be substantial-

ly reduced, while that in the "D" unit would not be significantly changed.

Any classification changes that increase the uniformity of mapping units will

tend to help geotechnical engineers that plan site investigations. They fre-

- quently have to make decisions on the commitment of funds for more field ex-

I ploration in a given area by evaluating the chances of success in reducing

* the costs of a conservative design necessitated by uncertain site conditions.

D: Discontinuously Frozen

The use of 50% as the break between this unit and S (sporadically fro-

zen) is arbitrary and without obvious engineering significance. It could

probably be changed to any number between 30 and 60% without impairing the

use of the maps by engineers. The break at 50% is proposed solely for reasons

of symmetry. This would subdivide the large middle ground, between 5% and

* . 95% frozen, into two equal units. Geotechnical engineers often must locate a

* . site that satisfies given criteria such as a minimum area and uniform perma-

frost conditions--either frozen or unfrozen. A subdivision of this large
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unit is necessary to help establish the most prudent intensity level of cost-

ly field site investigation work.

S: Sporadically Frozen

1 favor retention of the term sporadic in permafrost mapping. It is

simple and conveys in one word its meaning to nontechnical users. The other

terrms recently used for the sporadic zone on very small scale maps (i.e.

"discontinuous permafrost zone - southern fringe" and "widespread discontinu-

ous permafrost zone") are wordy and awkward in usage. They do not signifi-

* cantly improve the communication of field permafrost conditions. Sporadic is

*a better term than those similar to permafrost islands," "insular permafrost

*zone, . etc. However, isolated specific occurrences of permafrost could be

considered as "islands" for discussion (not mapping) purposes. It should be

noted that the term sporadic is considered by some (especially on the older

*maps) to be a very thin zone at the southern limits of permafrost. Expanding

- its definition to include up to 49% frozen extent could lead to confusion

(J. Brown, pers. comm.). Additionally, sporadic was dropped as a recognized

permafrost zone in the Permafrost Terminology prepared by the National Re-

-. search Council of Canada (Brown and Kupsch 1974). On the other hand, Soviet

workers continue to use it for mapping and regional studies (Fotiev et al.

1978, p. 106, and other papers in the same proceedings volume).

U: Generally Unfrozen

The boundary between sporadic and generally unfrozen should be moved

from 10% to 5% for the same reasons discussed under F above (better imagery

and terrain analysis skills; more useful to geotechnical users).

*U': Unfrozen

This unit is used only when evidence is clear (from drilling, field in-

spection, geophysics, etc.) that no permafrost occurs within the mapped unit,

* . for reasons similar to those discussed for the F' unit. In contrast to the

V' unit, for most engineering purposes, it will be necessary to prove that

* the generally unfrozen unit (U - 0-5% frozen) has no frozen zones. The map-

ping of units as simply "U" will not generally suffice for location of facil-

* ities requiring unfrozen terrain in otherwise thaw-unstable soil types.
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VELOCITY-DEPTH STRUCTURE OF OFFSHORE PERMAFROST,
CANADIAN BEAUFORT SEA

H.A. MacAulay, S.E. Pullan and .A. Hunter
Geological Survey of Canada

Ottawa, Ontario, Canada

Over the past decade, the Geological Survey of Canada has acquired the

front ends of thousands of oil company records shot in the Canadian Beaufort

Sea. Many of these records show high-velocity first-arrivals which indicate

the presence of high-ice-content frozen sediments beneath the sea floor. The

depths of these high-velocity refractors have been calculated for over 5000

records, which show refraction velocities > 2200 m/s.lt is assumed that ve-

*locities in this range almost certainly indicate frozen materials. Because

* of the strong dependence of seismic velocity on the ice content of unconsoli-

dated sediments, the occurrence of high velocities depends on both tempera-

*' ture and lithology. By confining this analysis to velocities > 2200 m/s we

are dealing only with materials in which the fraction of ice exceeds 0.15

(King 1984).

Earlier work on selected lines of these data (Morack et al. 1983) has

shown that across much of the shelf there appear to be two distinct layers of

high-velocity material. There is considerable irregularity in the structure

of the shallow high-velocity material, while the deeper layer may be continu-

ous over large areas. As the occurrence of separate layers might be related

to the sea-level history of the Beaufort Sea, we have analyzed the depth of

the high-velocity lenses or layers below sea bottom as a function of water

depth.

As a first step, 5147 records showing high refraction velocities (> 2200

m/s) have been analyzed as a single group, with no account taken of the areal

distribution of the data. The results are presented in the form of a contour

plot showing the percentage of measurements as a function of both water depth

and depth of the high-velocity refractor below sea bottom (Fig. 1). This

plot shows the occurrence of a large number of high-velocity refractors with-

in 20 m of the bottom for water depths between 45 and 70 m. There are very

few high velocities found within 80 m of the seabed at water depths of 30-40

m, but between 15 and 30 m water depth there were many high-velocity measure-

ments in the range of 30-50 m below bottom. Near shore, very few shallow

high velocities were found. The plot also shows a deep layer of high-
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Figure 1. Contour plot of percentage of high re-
fraction velocities (> 2200 m/s) as a function of
water depth and depth of refraction below sea bot-
tom.

velocity material which drops off quickly from the shoreline. This layer is

found approximately 100 m below the sea bottom and may be essentially contin-

uous over the Beaufort Shelf east of longitude 135°W. The lack of data indi-

cating this deep layer for water depths of 15-25 m and 50-70 m could be due

to the masking effect of shallower high-velocity layers/lenses.

As yet we have no satisfactory explanation for the distribution of shal-

low high-velocity materials except in the near-shore region. Sub-bottom tem-

perature data collected over several spring seasons along near-shore lines

clearly indicate a warm bulb due to Mackenzie River outflow that extends out

to water depths of 12 m and down to depths of 30 m below bcttom. Beyond

that, sub-bottom temperatures are continuously subzero and shallow high ve-

locities begin to occur.
The next step in this work is to take into account the areal distribu-

tion of these data, and to look at the depths to high-velocity refractors as
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a function of water depth on a more regional basis. This work is ongoing at

the present time.
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SHALLOW GEOPHYSICAL BOREHOLE LOGGING IN PERMAFROST: A CASE HISTORY

R. Miller
TSA Systems Inc.
Boulder, Colorado

The construction of the Trans-Alaska Pipeline System involved the place-

ment of approximately 77,000 vertical support members for the elevated por-

tion of the hot oil pipeline. While the average length of each was calculat-

ed to be approximately 30 ft, the actual length was to be dependent on the

dry density of the permafrost soils. Conditions assumed in the original de-

sign required field checking to confirm the design or adjust the design in

the field (by increasing VSM length) for conditions identified as worse than

anticipated. Critical breakpoints in dry density were established to be 70

lb/ft 3 and 40 lb/ft 3 . A need was therefore established for a geophysical

tool capable of rapid determination of dry density to be used as an aid to

VSM field engineers conducting sample logging of all holes drilled. Alyeska

Pipeline Service Company contracted with Holosonics of Richland, Washington,

to develop a logging system employing the simultaneous reading of gamma-gamma

density and neutron-thermal-neutron logs aid thus provide a means of deter-

mining these key engineering parameters. Work on the project was initiated

in the fall of 1973, initial, field testing done in the fall of 1974, and 12

units constructed for the 1975-76 construction season.

A literature search and lab work were undertaken by Holosonics to define

the optimum source types, source strengths, and source-detector distances for

the neutron and density tools to be designed. For the neutron-thermal-neu-

tron tool, it was determined that optimum source-detector spacing should be <

2 in. or > 12 in.; probe construction dictated the shorter spacing, and the

neutron probe was constructed using a 0.250-curie AmBe scurce, with one BF3

tube placed above and one below the source. Output of the two tubes was com-

bined. The gamma-gamma density tool used a 0.250-curie Cs137 source and a

3/4 x 1-1/2-in. NaI(Th) detector coupled to a photomultiplier tube, with the

source-detector distance set at 12 in.

The probe array consisted of three separate detector assemblies: two

gamma-gamma density tools and one neutron tool. They were mounted on arms,

spaced at 1200 intervals, which could be extended outward from the probe body

-- to contact the wall of the borehole.

Since both the neutron and gamma-density tools measure bulk density, al-

though in different fashion, the neutron (moisture) density and the bulk den-
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sity were electronically subtracted by means of an on-board analog computer.

The resultant curve - dry density - was plotted along with the basic bulk

density and moisture curves on the analog output. Calibration curves were

derived from both test borings on site and from test pits constructed of

0 materials of known density and moisture content. Both precision and accuracy

were found to be in the + 4 lb/ft 3 range.

In operation, the probe assembly, with detector retracted, was lowered

into the hole. The arms, spring-loaded with the source-detector arrays,were

put in contact with the sides of the borehole, and the probe pulled up at ap-

proximately 20 f t/mmn. This somewhat rapid probe velocity was dictated by

poor hole conditions, and the inability of the probe assembly to stabilize at

lower velocities. Since the entire exercise was designed to yield on-site

engineering data, a cross-plot chart relating moisture content (bf3), per-

cent moisture, and dry density (lb/ft 3) was constructed, using a matrix dens-

ity (specific gravity) of 2.65 as typical of the formation expected to be en-

countered.

Results were generally very good, with samples from the hole correlating

well with log results. Due to a high degree of horizontal variability in the

large diameter holes, no point-to-point correlation was demonstrated. The

* major source of problems encountered was associated with hole wall irregular-

* . ity, as hole diameter changes of as little as I in. skewed the data.

Engineering data initially were reported to be less than satisfactory on dry

densities of less than 70 lb/ft 3 (60% moisture), and it was found necessary

to generate a separate set of curves for dry densities in the 40- to 70-lb/

ft 3material.
It certainly appears that the field program was a success, and validated

the method of using a combination of neutron and bulk density measurement to

evaluate specific sites for engineering purposes. It proved more than ade-

quate for VSM design evaluation.

A case must be made for the use of multiple small diameter (3-5 in.)

*holes for these same purposes. We are currently developing a small-hole log-

ging system for use in permafrost soils. In this application, however, it

would be possible to use combination tools which offer more definitive densi-

ty and moisture measurements, as well as temperature, caliper, resistance,

and natural gamma. The entire logging package -- winch, probes, power, and

electronics -- can be made helicopter-portable (< 300 lb) and thus adaptable

to a far greater range of usage.
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ANALYSIS OF WIDE-ANGLE REFLECTION AND REFRACTION MEASUREMENTS

R.M. Morey and A. Kovacs
Gold Regions Research and Engineering Laboratory

Hanover, New Hampshire

* - The analysis of subsurface radar surveys sometimes depends on knowing

the velocity of propagation of the radar signal in the ground. This velocity

-. . information is then used to calculate the depth to subsurface targets and in-

terfaces. For layered earth, velocity data can be estimated by performing

wide-angle reflection and refraction (WARR) surveys. Examples of radar

equipment, procedures and WARR profiles are given In Morey (1974), Davis et

al. (1976) and Arcone (1984), among others. Basically, a WARR survey is per-

formed by continuously increasing the separation between a transmitting an-

tenna and a receiving antenna. The antenna separation, x, is recorded along

with the travel time, t, of the radar wavelet from the transmitting antenna

to a reflecting layer and back to the receiving antenna. A horizontal re-

* flecting layer will produce a hyperbolic pattern on the resulting time-dis-

tance plots, but only if a constant velocity exists in the subsurface medium

* to the reflector. The time-distance information can be plotted on a tZ~x2

* graph (Jezek et al. 1978). The slope of the line through the data points is

the velocity of propagation to the reflecting layer. From the velocity val-

ue, the dielectric constant can be calculated.

Some investigators, using WARR data, have calculated dielectric con-

* stants lower than expected. This paper presents one possible reason for the

underestimation of dielectric constants determined from WARR surveys.

Wide-angle reflection and refraction measurements are used to determine

* '.the dielectric properties of earth materials and the depth to an interface.

The evaluation of the resultant t 2x2plots assumes that the radar ray path

is a straight line from the transmitter to the reflector and back to the re-

ceiver. However, there are many instances where the dielectric constant

changes with depth. This variation causes the rays to bend (be refracted)

Instead of following a straight ray path to the subsurface interface. For

* example, in polar ice shelves the dielectric constant of the firn increases

with depth; this causes a negative velocity gradient which bends the ray to-

wards the vertical. A simple two-layer model showing this effect is given in

Figure 1. Snell's law governs this process of refraction:
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where vj, v2 = velocity of propagation in media 1 and 2 respectively (see

Fig. 1). The following shows the error which can exist in the calculated ap-

parent dielectric constant when refraction is not taken into account in ana-

lyzing the WARR data. We demonstrate this by calculating x1 (see Fig. 1)

when the dielectric constants of medium 1 (el) and medium 2 (C2) along with

the depth (Dj and D2) of each layer and the antenna separation (2X) are giv-

en. The ray path lengths in each layer, d1 and d2, are calculated and then

the total time of flight determined. This refracted (or actual) travel time

will, always be less than the straight line ray path travel time. The total

distance traveled by the ray will be greater than the straight line distance,

thus giving a total or bulk apparent dielectric constant Ca less then the

actual value. The errors are greatest at large antenna separations. Listed

are the formulas used:

D tc
D 2 V -r

c

v d,

2 d2
t2 V2
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We want tl + t 2 = the minimum value. Thus

sin 6 - d,

sin e 2 = 2

2

1 or x, d 2 v 2  x 2 d, v,

2 22 =x2 2 2.Squaring both sides gives x 2 d2 2d Vi

Substituting for x 2 (x 2 = X - x1) yields:

2  2 ) XI 4  2X (v 2
2 

- V1
2 ) x 1

3 + [X 2 (v 2
2  2 ) +(2 V 1-2X ( v2 (v 2 V I

2 2 2 2 2 2 2 2 2 2
v 2 D2 - v 1 D1 ] x, + 2X vi D 1 x, - X v, = 0

or:

4 3 2
ax 1  ++bx c x, + d x+ e =0

where:

a (v 2
2 -v12),

b = -2X (v 2
2 

- v 2)
2_ 22 2 2 2

c= [X 2 (v 2 2 v 1 
2 ) + v 2 2 D 2 - v 1  D 21

2 2d 2X v, Di

X2 2 2
e- v, D1

Solving for the roots we arrive at

4 b 3 c 2 d e ,.x +-x + I -X, - x + - - 0a a a a

There are four roots; only one root is reasonable.

If we take an extreme case as an example, we find that the error in the

bulk ca can be substantial. Figure 2 shows 2 m of fresh ice (c1 
= 3) over

4 m of fresh water (C 2  88). The calculated ray paths are indicated. Be-

yond an X of about 5 m the ray leaving the water will be beyond the critical

angle and will not return to the ice surface. However, for illustrative pur-

poses, X was taken out to 16 m. The total two-way transit time for vertical

sounding (X = 0) is about 273 ns, giving a bulk Ca = 47 and vm = 0.044

m/ns. The two-way travel times along the ray paths (Fig. 2) are plotted ver-

sus antenna separation in Figure 3. Note that rather than being a straight
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Figure 2. Model example for WARR common-depth-

point EM ray path through ice and water media.
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Figure 3. t2-X 2 plot of model results depict-

ed in Figure 2.

line the data points form a curve. The data points are what would actually

be measured in a WARR survey. The normal procedure would be to calculate the

* linear least squares fit to the data. In this case the calculated bulk ea

would be 14.1, which is about 3 times lower than the correct value of 47.

* -~ Even if we run a line through just the first three points, at antenna separa-

-~. tions of 2, 4 and 6 m, the bulk Ea would be calculated to be about 21, or

less than half the actual bulk ca value of 47. Therefore, if there is any

velocity gradient, positive or negative, a standard WARR analysis will always

give a lower apparent dielectric constant.

* -Another example is fresh water over a lake bottom. Figure 4 shows 2 m

'. of water (e l = 81) over 4 m of saturated soil (C 2 - 20), while Figure 5 pre-
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Figure 4. Model example for WARR common-

depth-point EM ray path through water and

saturated soil media.
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I', Figure 5. t-X 2 plot of model results depict-

ed in Figure 4.

sents the t2-X 2 plot. Again the type of curvature is the same as that in

Figure 3. The actual bulk apparent dielectric constant is 35.78, whereas the

WARR calculated value is 28.68. Both Figures 3 and 5 show that the linear

6' .least squares fit line intersects the time axis above the "measured" vertical

two-way travel time. Along with the lower calculated bulk apparent dielec-

'- tric constant and higher two-way travel time, the calculated depth to the re-

flector will always be greater than the measured depth when the raw time-dis-

tance data are used in a standard WARR analysis (Hughes 1984).
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Figure 7. t 2 -X2 plot of model results depict-

ed in Figure 6.

A WARR (common depth point) profile was made on top of Weather Pingo,

Prudhoe Bay, Alaska. Drilling indicated 1 m of frozen soil over 12.1 m of

ice. The vertical two-way EM wavelet travel time at this drill hole site was

used to calculate a bulk apparent dielectric constant of 3.06. If the bubbly

ice had an Ea = 3.0, then the 1 m of frozen soil would have had an ca =

3.83 in order for the bulk Ea to be 3.06. This situation is modeled in

Figure 6. Since the velocity gradient in the model is relatively small, the

...- time-distance plot (Fig. 7) for the model gives a bulk Ea of 3.06 and a

depth of 13.1 m, which is in agreement with the depth measured in the drill

hole. However, the WARR common-depth-point measured time-distance data shown

58

V ,



707 -

0 1 64- rnn

.22

.'-2 4 6 8 10 12

X
2 

Antenna Seporoton (m)

Figure 8. t2-X 2 plot of WARR common-depth-
point survey data obtained on Weather Pingo.

in Figure 8 have the characteristic curve of a greater velocity gradient.

For some reason, the bulk Ea as determined from the slope of the curve

passing through the WARR data is 3.34, which is higher than the value of 3.06

calculated from the measured vertical two-way travel time over the borehole.

In addition, the ice bottom as determined from the WARR data was about 12.6

m, or 0.5 m less than the borehole-determined depth. From the previous anal-

yses we would not have expected the WARR-determined bulk ca to be higher

than that determined from the vertical sounding data. However, it should be

pointed out that the center of the WARR common-depth-point measurement array

was about 6 m away from the borehole site. Therefore, the reason why the

WARR bulk Ea is higher than that determined by vertical sounding at the

borehole location may be a thicker layer of frozen ground at the WARR common-

depth-point site or a system timing error of as little as 3%.

Our past experience with WARR common-depth-point profiling on the McMur-

do Ice Shelf, Antarctica, always gave lower values for the apparent dielec-

tric constant than those determined from vertical soundings to a known target

depth. The reason was a dielectric constant gradient in the firn, ca, that

increased with depth. The effect of such a gradient can be inferred from the

preceding analysis and has been discussed by Jezek and Roeloffs (1983). In

short, the use of WARR data to infer horizon depth and the electromagnetic

properties of the subsurface environment may result in very erroneous infor-

mation.
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SOME ASPECTS OF INTERPRETING SEISMIC DATA FOR
INFORMATION ON SHALLOW SUBSEA PERMAFROST

K.G. Neave

Northern Seismic Analyses
Echo Bay, Canada

P.V. Sellmann

Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire

Refraction analysis of oil-industry seismic records has been able to de-

lineate the boundary of cold relict permafrost near the coast (Neave and

[ Sellmann 1982) An example is shown in Figure I for Prudhoe Bay. A more elu-

sive target has been to outline the top and extent of the warmer subsea per-

mafrost.

There are three problems associated with finding the extent of warmer

ice-bonded sediments. First, the boundary is not sharp; it is often grada-

* tional, with strong contrasts in seismic velocity seldom observed offshore

(Neave and Sellmann 1983). This implies that temperature and salinity usual-

ly change gradually and produce gradients in ice content and ice bonding.

The second problem is that shallow gas shifts the velocity ranges for both

HLA
13 14 15

0 I
11"V,, Sea Bed

- •j e oRevised
20. Refraction

Gull Is Cross Is Interpretation

0~Top of Ice-bonded
1I1 km /s -E 401-Prars

X k0

200 0x~2Prars
5 0 0E - 060- 0 0

400 -/ ° 0 
°

0

6 0 Prudhoe Bay Reflectors 80 Preliminary Refraction
600 -Interpretation

"Dee-p- , (e-bonded Pemofrost --
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Figure 1. Cross section of the Beaufort Figure 2. Preliminary and
Shelf at Prudhoe Bay. A high-velocity corrected refraction inter-
refractor outcrops at the shoreline and pretation for Foggy Island
slopes northward to more than 200 m depth Bay and Mikkelsen Bay along
under the bay. Shallow refractors with a line of Harding Lawson
lower velocity occur farther offshore. Associates boreholes. The
The base of permafrost is plotted at the top of ice-bonded permafrost
depth indicated in Osterkamp and Payne is plotted as reported in
(1981). Miller and Bruggers (1980).
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thawed and bonded sediments (Gregory 1976, Domenico 1977) and makes interpre-

tation of velocity and depth much more uncertain. The third problem is that

the signal-to-noise ratios are poor on the records, partly because of attenu-

ation due to the shallow gas, which often makes identification of fiist ar-

rivals for refraction interpretation difficult.

An example of coping with the shallow gas problem is provided using data

from an area west of the Sagavanirktok River Delta. We propose that a "hid-

den layer," a gassy, thawed Holocene stratum with a velocity as low as 0.3

km/s, can be invoked to make the seismic interpretation agree with the pub-

* lished drilling results (Fig. 2). A correction of 80 m (90 ms of delay time)

is required to compensate for the gas "push-down" that occurred in our pre-

liminary refraction interpretation. Similar corrections are anticipated for

parts of Harrison Bay where shallow gas is also present (Fig. 3).

Another approach to the gas problem comes from surface wave analysis.

Surface waves have the distinct advantage that they are not affected by shal-

4 low gas to the same extent as compressional waves (Domenico 1977). There-

fore, changes in surface wave velocity may be attributed to variations in

other material properties such as degree of ice bonding and overconsolida-

tion. Surface waves are invariably lower frequency signals and are not usu-

ally recorded on marine seismic surveys, but they do appear on the nearshore

* oil industry records (Fig. 4). The surface wave velocity readings for Harri-

* son Bay, Foggy Island Bay and Mikkelsen Bay are approximately 0.6 times the

observed values on land (i.e. the dynamic rigidity drops to about one-third

for the subsea materials in these areas).

Normal mode dispersion analysis has been used with some success to over-

come the signal-to-noise problem that shallow gas and ice-bonded permafrost

create (Fig. 5). Compressional wave velocities for the seabed have been de-

-- ~ FiFiuu e 3. A north-south cross sec--
tion situated near the Colville
Delta. The circles represent shal-
low gas detected by strong seismic

50 attenuation (Neave and Sellmann 1982).
The seismic depth interpretation is
"pushed down" by 20 m under the
gassy locations and should be cor-

Harrison Bay rected upward to show a relatively
00 0 20 3 40 0 60 fasurface for the top of ice-

Distance (kin) bonded permafrost.
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frost at several locations, and elsewhere has located the top of unfrozen

Pleistocene gravels.

T !"Because of the complexity of the subsea permafrost environment, it ap-

pears that proper analysis of seismic data can be greatly enhanced when suf-

63

!: : ' . .: " -: : : : : : . - . . . .: , . -- -," : - . ., - .. • : . _ . - A . A A . A . . . . .2 1 . . . . . . : . - . , - . ,

." ;.,kA :mAA m-A( " A-M x'
- -

4 .- -A----



•%
SabedCL

} 50

0

0 10 20 30 40 50 60 70
Distance (km)

30

- /// N\

J / \

/

S251
E\

>20 -

1.5
0 10 20 30 40 50 60 70

Distance (kin)

Figure 5. A cross section and velocity profile

from dispersion analysis of seismic records.
The section is located north of the Sagavanirktok
River Delta where there is drilling control (Mil-

ler and Bruggers 1980). The top of ice-bonded
permafrost is indicated by the top of the shading
in the shallow water area. Dispersion depths
agree with the drilling results and the high ve-
locities are compatible with the presence of ice
bonding in the sediments.

ficient control is available to establish an appropriate interpretation tech-

nique for a given region.

This study was funded wholly by the Bureau of Land Management through

inter-agency agreement with the National Oceanic and Atmospheric Administra-

tion, as part of the Outer Continental Shelf Environmental Assessment Pro-

gram. We would like to thank the geophysical companies for their cooperative

spirit in providing necessary seismic data.
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PERMAFROST TEMPERATURE M4EASUREMENTS IN AN ALASKAN TRANSECT:
PRELIMINARY RESULTS

T.E. Osterkamp, J.P. Gosink and K. Kawasaki
Geophysical Institute, Unversity of Alaska

Fairbanks, Alaska

The trans-Alaska pipeline and nearby roads cross Alaska from north to

* south anci thus transect continuous, discontinuous and non-permafrost regions.

A number of investigators from the U.S. Geological Survey, the Cold Regions

* Research and Engineering Laboratory, the Alaska Department of Transportation

* and Public Facilities, and the University of Alaska have measured permafrost

temperatures at various sites along this transect since the 1960's.

Unfortunately, these temperature measurements were made in permafrost

that had suffered some degree of thermal disturbance. Consequently, the re-

sults, particularly near-surface permafrost temperatures, are difficult or

impossible to interpret reliably. During the past few years, we have been

S systematically establishing drill holes along this north-south Alaskan tran-

sect at undisturbed permafrost sites. Nine holes in the 40-80 m depth range

* and over 20 shallower holes have been drilled. The purpose of this study is

to determine the natural thermal regime of the permafrost and to relate it to

surface temperature changes produced by present and past climates. This pa-

per presents some preliminary results of these measurements and reviews some

of the existing permafrost temperature data along this transect. It should

be emphasized that the conclusions reached are tentative and subject to

change with further interpretation of the data.

Permafrost temperature data along the general direction of this transect

also exist for the offshore region to a water depth of about 17 m offshore

from Reindeer Island. These data show that the permafrost thaws from the top

and bottom after inundation by relatively warm and salty sea water. Where

the soils are coarse-grained, thermal models give an approximate estimate of

the amount of thawing.

There is a strong gradient in mean annual surface temperature (MAST)

across the Arctic Coastal Plain and evidence for recent increases in MAST

which appear to be related to recent climatic warming. This recent warming

is superimposed on a longer-term climatic warming (over the past century)

which appears to be greatest along the coast and to decrease southward.

There is no evidence for climatic warming in the arctic foothills.
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The drill holes of our transect in the southern Brooks Range are still

recovering from the drilling disturbance. A drill hole at Livengood shows

some evidence for recent climatic warming.

A number of drill holes near Chatanika, Fairbanks and Elelson Air Force

Base have what appear to be anomalous thermal gradients and varying curva-

tures in the temperature profiles near the surface, suggesting a recent cli-

matic warming superimposed on a century-long warming similar to that at Prud-

hoe Bay. Evidence for the recent warming is found in drill holes south of

the Alaska Range.

Two drill holes on the north side of the Chugach Range did not encounter

permafrost at sites where surface conditions suggested it should be present.

Non-equilibrium temperature profiles from these holes showed that tempera-

tures were strongly positive but that a negative thermal gradient may exist

at these sites.

Interpretation of temperature data from the above-noted drill holes is

just beginning. We expect to use the data to develop profiles of the perma-

frost, MAST, thermal gradients, etc. along this transect. The data are also

being used to support other geophysical studies.

7.
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WELL LOGGING IN PERMAFROST

J.K. Peterson, K. Kawasaki and T.E. Osterkamp

Geophysical Institute, University of Alaska

Fairbanks, Alaska

J.H. Scott

U.S. Geological Survey
Denver, Colorado

INTRODUCTION

Exploration geophysics has proven to be very valuable for the detection

and delineation of permafrost. Of the many geophysical methods used, well

logging can be used not only for detection and delineation but also for the

in-situ determination of many physical properties of permafrost. Well-log

evaluation in permafrost can be conveniently divided into several classes of

logs, two of which are logs from large diameter drill holes, usually drilled

through the permafrost for oilfield development, and logs from holes that

have been drilled specifically for the geophysical or geotechnical evaluation

of the permafrost. Usually, the geophysical type of drill hole is of small

diameter (< 15 cm) and is drilled and left dry.

PERMAFROST LOGGING IN OIL WELLS

Osterkamp and Payne (1981) examined well logs from northern Alaska and

published a contour map showing the estimated depth to the base of the ice-

bonded permafrost. For this present study, the logs from approximately 80

additional wells from northern Alaska were examined to determine the base of

the ice-bonded permafrost. Most of these depths were used in addition to the

depths determined by Osterkamp and Payne (1981) to create a series of three

new maps of the depth to the base of the ice-bonded permafrost for different

regions along Alaska's North Slope.

In determining these new data points, the dual induction log (DIL) was

the primary log used. The bore hole compensated sonic (BHCS), self potential

(SP), and bore hole geometry or caliper (BH Geo) logs were also used. Gener-

ally, the DIL log showed an increase in resistivity and the BHCS showed a de-

crease in travel time in the ice-bonded sections. The SP log sometimes

showed a negative drift when going from unfrozen to frozen sections of the

log and the BH Geo log showed severe caving of the borehole in the unconsoli-
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dated frozen sands and gravels. The natural gamma ray log was used to inter-

pret the lithology of the well.

Neutron and density porosity logs were difficult to interpret in the
ice-bonded permafrost. This can be attributed to severe caving as indicated

on the caliper log.

GEOTECHNICAL PERMAFROST LOGGING

A Mt. Sopris portable logger was calibrated for the low density, high

moisture content soils typically found in permafrost well logging. This log-

ging unit can log single-point sensitivity, SP, natural gamma, gamma-gamma

with short and long source-to-detector spacings, and neutron-thermal-neutron.

This logger was used to log numerous holes in permafrost. The calibrated

logs were then used to estimate thaw consolidation.

Calibration of the Mt. Sopris system was accomplished by filling 65-gal-

Ion ABS plastic drums with soils from the Fairbanks vicinity. A 2-in. ABS

plastic water pipe served as the drill hole in the barrels. This is the same

material that was used to case some of the drill holes logged in actual per-

mafrost for this study. These barrels have a radius of material of approxi-

mately 27 cm around the probes. This annulus of material can be shown to be

sufficiently "infinite" tor the gamma-gamma probes.

The materials used for these barrels were ice, water, saturated peat,

saturated coal, dry silt, dry gravel, wet silt, and wet gravel, which have

densities of 0.88, 1.00, 1.07, 1.20, 1.40, 1.63, 1.83, and 2.02 g/cm 3 respec-

tively. The low ice density is apparently due to air bubbles captured in the

ice upon freezing. The count rates found in the coal barrel were not used

for the actual calibration of the sondes.

The neutron tool was field-calibrated by comparing neutron count rates

with a gamma-gamma density-derived porosity in an unfrozen, water-saturated

"'-'"section of a hole.

Calibration curves were fitted to the nuclear probes by the least

squares technique. When fitting curves to the gamma-gamma probes, measured

*densities were used rather than the Z/A corrected densities.

RESULTS

Gamma-gamma-determined bulk densities agree fairly well with the bulk

densities found in the drill holes as determined by sampling.
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Logs of a hole drilled through a buried artificial ground ice mass

showed that the natural gamma log count rate decreases significantly in the

vicinity of the ice, indicating that the natural gamma log could prove very

useful for the detection and delineation of massive ice.

Since the hydrogen density of ice is 92% that of water the neutron tool

-- gives a porosity reading of approximately 72% in pure ice. This fact agrees

* with the theoretical work of Segesman and Liu (1971). By cross plotting

gamma-gamma density and neutron porosity it is possible to determine both

total porosity and volumetric unfrozen water content.
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MONITORING PERMAFROST GROUND CONDITIONS WITH
GROUND PROBING RADAR (G.P.R.)

J.A. Pilon
Department of Energy, Mines and Resources

Ottawa, Ontario, Canada

A.P. Annan and J.L. Davis
A-Cubed Inc.

Mississauga, Ontario, Canada

Ground-probing radar is a relatively new geophysical method for mapping

and monitoring changes to subsurface geological structures. The method is

gradually gaining acceptance in a marketplace where consumers of technology

are extremely conservative as a result of the continuing efforts of research

scientists, both in government laboratories as well as in the private sector.

In the course of the last ten years we have watched the rise of G.P.R. from

an unknown to an accepted, albeit underutilized, method in the geophysical

arena. During this time we have come to realize the usefulness of G.P.R. as

a tool to sort out relatively shallow subsurface geological features, subsur-

face hydrological characteristics and, last but not least, active layer and

shallow permafrost characteristics.

One of the basic objectives of the permafrost group at the Earth Physics

Branch is to develop new technology and methodology to study permafrost fea-

tures and their evolution with time in order to better understand their na-

ture and thus be better able to deal with the geotechnical problems they pre-

sent to the development of northern lands. In the G.P.R. field we are carry-

ing out the development in collaboration with A-Cubed Inc. from M4ississauga.

We will attempt, through examples of previous and current studies, to

demonstrate the capabilities of G.P.R. to study and monitor changes in perma-

frost characteristics.

The initial area where radar methods were applied successfully to geo-

logic materials was in the sounding of the polar ice cap and glacier-covered

areas. Permafrost engineering application is a natural evolution from the

determination of ice thickness by radar.

G.P.R. is particularly sensitive and capable of detecting zones and in-

terfaces with strong dielectric contrasts, such as dry/wet and unfrozen/
frozen interfaces. Thus, wherever shallow structural features in a material

are manifested by a change in electrical properties, G.P.R. is an applicable

technique.
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The first example we would like to use to demonstrate the capabilities

- of G.P.R. to study active layer and shallow permafrost characteristics is

drawn from a series of experiments made in the Leaf Bay area in Mouveau, Que-

bec. We were looking for a means of confirming experimental data on active

layer characteristics gathered in the various geomorphological units found in

the area. Thus continuous profiles of the frost table for a series of tra-

verses in unconsolidated sediments in the Leaf Bay area were obtained with a

G.P.R. These were then correlated with shallow geothermal data obtained with

temperature probes, and in this fashion we were able to confirm the accuracy

of the radar data interpretation and its ability to profile active layer

depth accurately.

The second example we want to present is some of the data obtained with

G.P.R. at the Foothills Pipeline Frost Heave Test Facility in Calgary, Alber-

ta. These experimental surveys were carried out as part of an EMR program to

build up a data base on the applicability of geophysical methods for mapping

and monitoring changes in ground conditions around pipelines buried in perma-

frost terrain. The field data collected in this ongoing study were utilized

to develop and test digitization of analog radar data and of a variety of

• .digital processing and plotting techniques used to enhance the data display.

Many advantages are derived by transforming the radar data into digital

". form. The primary benefit is that the data can be displayed in a variety of

formats. In the past, data display format inhibited the comparison of radar

data with control information and the inter-comparison of multiple frequency

radar sections.

The ground probing radar method detected the presence of the buried

pipe, the depth of burial, the depth of the frost table, and changes in the

geological conditions in the vicinity of the pipe. The conclusion drawn from

this experimental program is that ground probing radar is an extremely useful

method for monitoring conditions around a buried pipeline.

-:. In the course of our endeavors we have recently been called upon to de-

sign and implement a multi-departmental, joint government-industry, long-term

monitoring program to study the impact of the construction and operation of a

small diameter oil pipeline on active layer, permafrost and ground thermal

*. regimes. G.P.R. will play a key role in this ground thermal behavior study

in addition to the more standard monitoring methods. The program began last

winter before the start of construction of the pipeline which stretches 860

km from Norman Wells, N.W.T., to Zama, Alberta.
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We have now carried out three geophysical surveys of the sites estab-

lished during the 1984 construction program carried out by Interprovincial

Pipeline Limited. The six long-term monitoring sites are located near river

crossings and other areas where ground stability may be questionable. To-

gether with the seven sites to be established during the 1985 construction

period this provides us with a complete cross section of terrain and perma-

frost characteristics, from continuous permafrost approximately 50 m thick to

sporadic permafrost in peat plateaus at the southern terminal. The results

obtained thus far have shown that the radar method can successfully detect

and map interfaces between frozen and unfrozen soil as well as changes in

soil type. G.P.R. has also shown itself very useful in mapping the evolution

* of thermal changes in soils. The results obtained from these surveys indi-

cate that it offers excellent potential for economically monitoring changes

to the thermal and hydrological regime in the ground surrounding the Norman

Wells to Zama pipeline. This is confirmed by comparison with control meas-

urements obtained through other means, such as a series of multi-thermistor

cables installed at the sites and active layer profiles obtained with rigid

ground thermal probes.

Based on the test cases and the experience acquired to date, the G.P.R.

is starting to emerge as the most promising geophysical method for obtaining

"" high-resolution data on near-surface thermal, hydrological and geological

*ground conditions via their impact on the soil electrical properties. G.P.R.

possesses advantages in resolution and speed of survey; on the other hand,

there are disadvantages of complexity. Until a greater body of experience is

available it remains a geophysical system that requires careful analysis in

order to extract the maximum useful information from the data produced. On-

going studies by us and other government agencies and industries will eventu-

ally make G.P.R. a very common geophysical tool for the study of near-surface

• "ground characteristics.
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SOME ASPECTS OF TRANSIENT ELECTROMAGNETIC SOUNDINGS

FOR PERMAFROST DELINEATION

G. Rozenberg, J.D. Henderson and A.N. Sartorelli
Geo-Physi-Con Co. Ltd.

Calgary, Alberta, Canada

A. Judge
Department of Energy, Mines and Resources

Ottawa, Ontario, Canada

I NTRODUCTION

A variety of geophysical methods have been applied over the last few

decades to map the top and bottom of permafrost. A good review of different

geophysical techniques for permafrost investigation and a representative bib-

liography may be found in Scott et al. (1978). Among more recent papers,

Hatlelid and MacDonald (1982) and Sartorelli and French (1982) can be recom-

mended.

During the past three years, the method of transient electromagnetic

(TEM) soundings has been successfully employed to delineate upper and lower

permafrost surfaces in a number of arctic areas. Kaufman and Keller (1983)

describe the theoretical basis of the method. Rozenberg and Hoekstra (1982)

and Ehrenbard et al. (1983) describe the characteristics of the method which

make it suitable for permafrost investigations and present case histories for

surveys performed in the vicinity of the Alaskan Beaufort coast.

This paper illustrates the use of the TEM method for permafrost mapping

under more complex conditions. Three of the four cases cited are taken from

surveys in the western Canadian Arctic.

GENERAL PRINCIPLES

The physical basis for the delineation of permafrost using geophysical

methods lies in the fact that the physical properties of subsurface materials

vary with temperature. Figure I illustrates typical dependencies of electri-

cal resistivity and velocity of compression waves on temperature and litholo-

, gy. It is apparent that both electrical resistivity and compression wave ve-

locity are similarly affected by temperature and tend to increase as tempera-

ture decreases for different lithologies.

'- Figure 2 shows the variations in resistivity and seismic velocity as ice

. content changes. Again the similarity is obvious.

74



6 5

-% -iW

-a SANDSTONE

-2

~,LOAM
* SAND

.* 0 - o 5 2 20 .15 .10 .5 0 5 10 15 20
Temp*eaiuro. ' C Tewvlwi. IC

*a. Conductivity vs temperature b. Velocity vs temperature (F.F. Aptikaev
(Hoekstra et al. 1975). 1964).

Figure 1. Dependence of electrical resistivity and compression wave velocity
* on temperature and lithology.

Resistivity, ohm-rn
%O

J I T T

o

aj

* . Conductivity. mhos/m

a. Conductivity vs; ice content (Hoekstra
1975).

Figure 2. Variation in resistivity and
seismic velocity as ice content changes.
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Figure 3. Resistivity and sonic logs, Prudhoe Bay (Osterkamp and

Payne 1981).
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Figures I and 2 were mainly compiled from laboratory testing of samples.

Figure 3 illustrates in-situ measurements of electrical and acoustic proper-

ties performed in a well in the Prudhoe Bay area of Alaska (Osterkamp and

Payne 1981). It is apparent that the substantial features of the resistivity

log correlate to similar features on the sonic log. It can be concluded

that:

1) Electrical methods may be used to delineate areas of permafrost,

since the frozen state of the material alters its resistivity.

2) Information concerning the distribution of permafrost obtained from

electrical methods may be used for the purpose of static correction to re-

flection seismic data, since both the electrical and elastic properties ap-

pear to be affected in similar manners by the presence of permafrost.

CASE HISTORIES

Three case histories are drawn from onshore and offshore regions in the

.. western Canadian Arctic. One example shows the results of a TEM survey from

the Alaskan North Slope.

All of the surveys described were performed using the Geonics EM-37

transient system. A nongrounded square loop was used as a transmitter. Fig-

ure 4 shows the survey arrangement. The survey in Alaska was carried out us-

ing a transmitter loop of 500 m by 500 m. The Canadian surveys were conduct-

ed with two transmitter loop sizes (400 m by 400 m and 100 m by 100 m) cen-

tered at a measurement station. Additionally, TEM data in the Canadian Arc-

S "LSURVEY
lOom LINE

+-l400m -

Figure 4. Survey array.
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tic were supplemented by fixed frequency (EM) magnetic induction measure-

ments, performed using the Geonics terrain conductivity meters, the EM31 and

EM34-3.

Case History I

Figure 5 shows the section interpreted from geophysical measurements

along a survey line over part of a large lake and the uplands to the north of

the lake. The lake shore is located between stations 3 and 4, as indicated

on the profile.
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P 170 12 00

**
Z
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16004
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3" Vertical Time -Surface to Geophone, UK b. Near-surface velocity data.

Figure 6. Data for case history 1.
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Measurements for stations located north of the lake indicate that the

terrain is frozen to the ground surface. Although the objective of the sur-

vey was to map only the top and bottom of permafrost, an attempt was made to

differentiate layering within the frozen materials. Figure 6a presents an

example of the quantitative interpretation. The figure shows the measured

apparent resistivities superimposed on the best fit model curve. Three lay-

ers with different resistivity are apparent within the permafrost at this

site. The resistivity layering is expected to be due to variations in lith-

ology, ice content, temperature, etc. It could also be expected that sonic

velocity will vary similarly within the permafrost.

Figure 6b shows the crystal cable velocity log from a nearby well. Com-

pared to the interpretation of the TEM data, it shows that a resistivity

- ., boundary is also a velocity boundary. The layers of different resistivity

are characterized by different values of velocity.

The permafrost structure near the lake shore has been determined using a

* synthesis of both EM and TEM data. This was required to reliably map changes

in the section occurring both in the shallow subsurface and at greater depth.

No frozen ground is expected beneath the lake. However, calculations do

show that, if a frozen layer with a thickness of about 20 m occurred at

depths of about 150 m, its presence would not be detectable with the TEM4 con-

figuration used.

Case History 2

Figure 7 shows the section interpreted from TEM data along a survey line

* - in the high Arctic. The portion of the survey line on shore is frozen to the

ground surface. The interpretation of the onshore TEM data indicates that

permafrost is not electrically homogeneous throughout its thickness. Figure

8a shows the interpretation of the apparent resistivity curve for station 7.

Four distinct layers are recognizable within the permafrost. The variation

* in the thickness and resistivity of these layers suggests that a gradual

change of resistivity with depth may take place. The electric log from a

* nearby well (Fig. 8b) illustrates the gradual change of resistivity with

depth.

For survey stations located offshore the TEM data indicate that the sec-

*tion consists of a conductive zone overlying resistive materials. The resis-

tivity of the conductive materials is about 0.5 ohm-in. The conductor is es-

sentially composed of sea water.
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Figure 8. Data for case history 2.

The interpretation of the TEM data for offshore stations at this site

indicates that water depth varies between 70 and 100 m. Since moderately re-

sistive material (about 6 ohm-m) underlies the sea water, a resistivity con-

trast of up to 15 occurs at this interface. The occurrence of permafrost be-

"' . neath the moderately resistive materials cannot be determined from data ob-

tained using the present operation mode. The limits of detectability of per-

*.. mafrost beneath sea water depend mainly upon the resistivity and thickness of

both the sea water and underlying unfrozen sediments.
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* Case History 3 (Ehrenbard et al. 1983) 7
Figure 9 shows a section interpreted from TEM data at a site on the

*North Slope of Alaska. Unlike the previous case history, it is possible to

map offshore permafrost in this region. The data do not reveal as large a

resistivity contrast with underlying unfrozen sediments so that the presence

* of permafrost and its thickness can be determined. The factors which allow

* the delineation of permafrost in this case are the shallower water (less than

10 in), the greater resistivity of sea water, the lower resistivity of unfroz-

* en sediments, and the presence of a substantial thickness of permafrost.

* Case History 4

Figure 10 shows a section interpreted from TEN and EM data along a sur-

vey line located in the Mackenzie Delta. In general, the section exhibits a

four-layered structure: surface frozen sediments, intermediate unfrozen sed-

iments, the main body of permafrost, and underlying unfrozen materials. At

* various locations along the survey line the four-layered structure degradesj

into a three-layered structure in which the upper frozen zone is absent, or a
* two-layered structure in which the intermediate unfrozen sediments are ab-

sent. Figure Ila shows the results of quantitative interpretation of sound-

* ing.

Figure hlb shows a crystal cable velocity log for a drill hole located

*close to station 1. It can be seen that electrical boundaries of permafrost

correlate to the seismic boundaries. Figure lIc gives another example of a

crystal cable velocity log to a greater depth.

This example illustrates the most complex distribution of permafrost en-

* countered to date with TEN soundings. The role of data acquisition over such

- complicated sections is extremely important. Measurements taken with only

* one loop size, large enough to sense the bottom of permafrost, could not de-

* lineate the upper frozen zone. The use of two loop sizes, however, u.nambigu-

* ously indicates the presence or absence of this zone. Apart from the small-

loop data, EM measurements have allowed the detection of a near-surface talik
* between stations 3 and 4 and the unfrozen "pockets" between stations 10 and

* 13.
Where the section is frozen to the ground surface and no intermediate

unfrozet. ground occurs, it is possible to differentiate between layers of

- different resistivity within the permafrost. Figure Ild shows that at least

* two distinct layers are present.
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The large "wedge" of material occurring south of station 10 is charac-

terized by a resistivity of 25 ohm-m. This resistivity can represent, for

example, frozen clay or unfrozen silt. Therefore, it is difficult to deter-

mine definitely the frozen state of material within this "wedge." Additional

subsurface information is required to resolve this problem.

CONCLUSIONS

The case histories presented illustrate the flexibility of the TEM meth-

od to determine the presence and extent of permafrost under widely different

geologic, geographic and geocryologic conditions. This flexibility is the

result of two strong advantages of the TEM method over other electrical and

electromagnetic techniques:

1) The method possesses strong vertical resolution, due to its high sen-

sitivity to the geoelectric section.

2) The lateral resolution of the method is good, since the measurement

array is small compared to the depth of investigation.

In many cases the method can not only map the top and bottom of perma-

frost, it can also detect the major variations of resistivity within the per-

mafrost body. The comparison of TEM data with downhole sonic measurements

has shown that changes in resistivity correlate to variations in sonic veloc-

ity.

In areas where there is a large variation in the upper portion of the

geoelectric section, additional independent measurements with good resolving

power at shallow depth should be gathered. It is our experience that TEM

. data at a smaller transmitter loop size and EM data at fixed frequencies can

* do much to complement the large-loop TEM data.

In marine environments the delineation of the extent of permafrost be-

neath sea water and unfrozen brine-saturated sediments can be a very complex

problem. The important parameters are the thickness and resistivity of sea

water conductive sediments, and the relative thickness of underlying perma-

. frost. The limits of current resolution of the TEM method for this objective

* are known.

It has been shown that the frozen state of earth materials affects their

electric and elastic properties in similar manners. This fact, along with

the shown correlation between the resistivity and velocity layering,creates a

U" good potential for using the electrical data at the stage of processing seis-
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mic reflection data to make a reliable static correction for permafrost in-

fluence.

The information obtained by the TEM method can also be used for geotech-

nical and construction purposes, and in well planning.
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I GALVANIC M4ETHODS FOR MAPPING RESISTIVE SEABED FEATURES

P.V. Sellmann, A.J. Delaney and S.A. Arcone
Cold Regions Research and Engineering Laboratory

Hanover, New Hampshire

Field observations were made under controlled conditions to aid inter-

pretation of future marine resistivity data and to assess the sensitivity of

- this technique for determining the top of shallow ice-bonded subsea perma-

frost.

* Detailed observations at two coastal sites in Maine provided field data

- on the effect of water depth for both floating and sea floor cables. The in-

* fluence of water depths ranging from 0-6 m was observed over unchanging bot-

* tom conditions by collecting data through tidal cycles. The observations and
model data illustrate the importance of considering water depth in data anal-

ysis since it can influence results more than variations in resistivity at

shallow depth in the seabed. A sample of resistivity data obtained with a

short stationary bottom cable in a Wenner configuration (11 m maximum elec-

trode spacing) beneath 0 to 6.3 m of water is shown in Figure 1.

Based on preliminary observations and available equipment, the Wenner

- electrode configuration with "a" spacings up to 70 mn was selected for a field

* cable that could be used on the bottom or floated. A survey area near New

* Haven, Connecticut, was selected because of the large amount of control data

- available on depth to bedrock, and the fact that seabed conditions in this

* area were analogous to subsea permafrost conditions. The rock (approximately

* . 25 ohm-n) represented warm, saline, ice-bonded sediment, and the mud over the

rock (approximately 2.0 ohm-rn) represented a surface thaw zone. The water

depth varied from 5 to 16 m and the top of rock from 11 to 55 mn below sea

level. Our survey was based on sounding and profiles. Data from the profil-

ing agreed extremely well with control from drilling and high-resolution

seismic studies (Fig. 2). Profiles made with electrode spacings of 50 to 60

m and an input current of only 1.25 amperes provided data on depth to the

bedrock as great as 55 m below sea level in 7 m of water. Data were also ob-

- tamned in areas where seismic methods were unable to extract subbottom infor-

mation due to the gas content of local organic sediments.

91



10 I 1 1 1 ,1 1 1i i 1 _

Water Depth

r • 046-

I 22

" I 75
1 ;259

.=: - • 3.15

U, /
, ", ,, 389

,4 52
> 569
Z -- , 605 _

cr 625

CI

1 10 100

"a Spacing (m)

r. . Figure 1. The influence of the depth of seawater
;I I I lon resistivity data obtained with a bottom cable
~with electrodes placed in a Wenner configuration.

4)

2

00.

20.

Figure 1. The influen ce ofte( etmo)eaae

Figur on 2. Resistivityprfl obandwt afotigc le Ee-

~~wih letrodes place in a Wenner configuration.wt n""saigo 0m

Habo std. . . ..sbliyreot,18. . --

...2 'H• 0 IQ

29

7--

:".""- 60d 400 e00 '-200 --- _ _ l000

'* Figure 2. Resistivity profile obtained with a floating cable. Elec-

;. trodes were in a Wenner configuration with an "a" spacing ot 50 m.
,. - Control data are shown below for comparison. Sea water salinity was

" l "250/00. The inverted triangles represent the locations of channel
i }i markers. Control was obtained from the Corps of Engineers New Haven

~Harbor study and feasibility report, 1981.

3'



AD-R57 485 WORKSHOP ON PERMAFROST GEOPHYSICS HELD AT GOLDEN 2/2
COLORADO ON 23-24 OCTOBER i984(U) COLD REGIONS RESEARCH
AND ENGINEERING LAB HANOVER NH J BROWN ET AL. MAY 85

UNCLASSIFIED CRREL-SR-85-5 F/G 8/12 NL

EEEmoEmoEEoiEI lflflflI/..l./.



11111 I1 .6

111112=

MICROCOPY RESOLUTION TEST CHART
')ARDS_-1963-A

6.-



DEEP TRANSIENT EM SOUNDING IN THE MACKENZIE DELTA, N.W.T., CANADA

Ajit K. Sinha
Geological Survey of Canada

Ottawa, Ontario, Canada

* In the last three years, a number of deep electromagnetic (EM) soundings

*have been carried out at several locations in the Mackenzie Delta, N.W.T.,

Canada. Several locations were near deep drill holes that had been surveyed

earlier with geophysical logs. Both amltifrequency and transient EM methods

were used and the results were compared with those from borehole logs. The

main purpose of the experiments was to develop a relatively inexpensive and

environmentally acceptable geophysical technique for detecting horizontal

* layers at great depths, especially the contact between the ice-bonded perma-

* frost and the underlying unfrozen sediments. This contact occurs at depths

* varying from 250 m to 650 m in the Mackenzie Delta as determined by borehole

* temperature measurements.

Both miltifrequency and transient systems detected several conductive

* horizons in the experiments, including the contact of the frozen and unfrozen

* sediments. The mltifrequency system, by virtue of its greater resolving

power, detected many minor features, such as clay lenses and coal beds (known

from lithological logs), which made the determination of the depth to the un-

frozen layer somewhat difficult. Transient EM methods, on the other hand,

generally detected only thicker strata, making the task of determining the

depth to the unfrozen layer somewhat easier.

Additional surveys were carried out southwest of the Big Lake in Rich-

ards Island, N.W.T., in the spring of 1984 using the transient EM system.

Borehole temperature logs in that area had indicated a rather sharp drop in

the thickness of permafrost from about 650 m south of the lake to 150 m or

less within 20 km to the west. The purpose of the investigation was to de-

termine the thickness of the permafrost at regular intervals along a profile

about 30 km long running WSW, beginning at a point 3 km south of Big Lake.

* It was hoped that the EM soundings would indicate whether the decrease in

permafrost thickness was gradual or abrupt at any point and also indicate the

cause of this decrease in thickness.

* * A Geonics EM-37 transient system was used for our experiments. The

Y*. transmitter was a square loop, with sides varying in length from 75 m to 450

m. Smaller loop sizes were used to characterize the shallower sediments;
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larger loops were used for deep sounding. Square wave pulses were transmit-

ted with two base frequencies of 3 and 30 Hz. The decay of the induced volt-

ages was recorded at the center of the loop at 20 discrete time channels for

each base frequency.

Interpretation of the data to date has revealed very shallow permafrost

(100-150 m) at the western edge of the profile, with the thickness increasing

to the east. The data are complex towards the eastern end of the profile,

indicating the possible presence of two- and three-dimensional bodies. This

makes the application of interpretation methods developed for layered models

rather difficult, with a consequent increase in the uncertainty of such in-

terpretation.
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OBTAINING PRECISE TEMPERATURE MEASUREMENTS IN ABANDONED
OFFSHORE PETROLEUM EXPLORATION WELLS

Alan Taylor and Allan Judge
Department of Energy, Mines and Resources

Ottawa, Ontario, Canada

Precise deep ground temperatures find widespread application in the

earth sciences and engineering. Geophysicists use geothermal temperatures to

- calculate the terrestrial heat flux in the study of the geology and tectonics

of a region. Petroleum engineers use the present and past ground thermal re-

gimes to assess petroleum maturation possibilities in the quest for explora-

tion targets. Geothermal energy as a resource is manifested by high ground

temperatures; permafrost lies at the opposite extreme, reflecting unusually

low ground temperatures. Being a temperature phenomenon, the distribution

and thickness of permafrost is best studied through measured ground tempera-

tures. Today, precise temperature profiles, to several hundredths of a de-

gree accuracy and to depths of a thousand meters or so, have been acquired at

a good number of wells or boreholes on land (Taylor et al. 1982). Few, if

any, measurements of this accuracy and detail have been made to depths of

hundreds of meters in offshore areas. Precise measurements of sea floor sed-

iment temperatures to depths of a few meters have been made at a broad dis-

tribution of offshore sites using traditional oceanographic techniques.

This paper describes a fully integrated system, currently under develop-

ment, for the acquisition of precise temperatures from abandoned offshore

petroleum exploration wells. Our design target was a system that would meas-

ure and record a dozen to 20 temperatures in the upper 1000 m of an offshore

well in up to 400 m of water, at intervals of a day or less for at least two

years. It was assumed that permission to omit the surface plug could be ob-

tained or that an acceptable plug penetrated by the cable could be designed.

'2 The instrumented depth need only be limited by the location of the next,

deeper regulatory plug.

Because of the highly technical nature of deployment of such a system

from an offshore drill rig and the variety of data acquisition sy3tems cur-

rently available, we decided at the outset to contract the entire concept de-

velopment and equipment selection to consulting companies that had the spe-

cialized experience of working with petroleum exploration companies in the

-offshore environment.
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EBA Engineering Consultants Ltd., Edmonton, Alberta, were selected

through a competitive bidding procedure to survey the available technology

and to propose a methodology (EBA 1982). For offshore areas with a substan-

tial open water season, a multiconductor thermistor cable and data acquisi-

tion equipment would be deployed from the drill ship or platform at comple-

tion of drilling, using the guide wire and sling system to reenter the hole.

The cable would be threaded into the well; the electronics packages would re-

main on the guide base at the sea floor. An acoustic release system would be

used to recover the electronics and the stored data, but not the cable, at a

later date. An optional acoustic data telemetry system might be incorporated

to check the operation upon deployment and to recover the accumulated data

periodically. In ice-covered areas, the telemetry mode would be an integral

part of the system, as later recovery of the system and its data by ship

might be impractical and not cost-effective. The consultants recommended in

this case that a seabed acquisition unit would telemeter data to a recording

system left on the ice surface (Fig. 1). This is practical for wells cur-

rently being drilled from ice platforms in the channels of the central Cana-

dian Arctic Islands, where the open water season is limited, at best, to July

to September, and where ice drift for the remainder of the year is minimal

(often less than I kin). The sea floor unit would be written off; the surface

MESOTECH 612
Depth ' Surface Stn
(iM) - And Housing

Or--97f *.-. ..-----

MIESOTECH 904

Data capture(%)

MESOTECH 532
Telemetry Unit

MULTMERMI"~ E2D
Cable In Hole -

I Dudazce(kn)1

Figure I. The acoustic telemetry system
for measuring precise temperatures in an
offshore well, using a techique original-
ly proposed by EBA Engineering Consultants
Ltd. The hardware was procured by Do-
brocky Seatech Ltd. and tested in the
Arctic; up to 2 km of ice drift can occur
before data loss is experienced (Fig. 2).
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station would be removed for the open water season, and data recovery could

a> be undertaken at any time. Recognizing an immediate need for precise temper-

ature data in offshore arctic areas, this system design for arctic wells has

been further developed as a prototype phase.

Following this conceptual philosophy, the consultant assessed the data

acquisition systems currently available or under development as to suitabili-

ty to the task and operating environment. It was clear that the cable would

be custom-manufactured. The engineers suggested a 20-conductor, multi-

sheathed cable with a Kevlar stress member sufficient to support the cable's

own weight in air. The ability of the cable to withstand freeze-in in perma-

frost areas was inherent in this design specification.

The next phase was the procuring of the cable and the electronics, fol-

lowed by thorough bench and field testing of individual components and the

integrated system. Government contracting regulations required us to hold

another competition before awarding a contract for this next phase.

Dobrocky Seatech of Sidney, B.C., won the competition and undertook to

order the system. They worked closely with the suppliers during the manufac-

turing phase, as most components were custom built, using generally proven

subsystems, to specifications developed in the first phase. For the 1000-m,

16-thermistor cable, the consultant recommended an extensive suite of elec-

trical, hydrostatic and pull tests, and participated in these with Custom

Cable Corp. and Maloney-Envirocon, the American manufacturers. All the elec-

tronics components were purchased from Mesotech Systems Ltd. of Port Coquit-

lam, B.C. Testing both on the bench and in water off the Canadian west coast

was part of the acceptance procedures. The tests are described in their re-

port (Dobrocky Seatech 1984).

As the demonstration deployment is planned for the Canadian Arctic Is-

lands, EMR requested that an extensive arctic trial be undertaken. In May of

this year, Dobrocky Seatech tested the complete data acquisition and teleme-

try system from the sea ice in 330 m of water (Dobrocky Seatech 1984). A

dummy load containing precision resistors was used in place of the cable. We

-* wanted to assess the effect on data telemetry of the thermocline, halocline

and ice drift. Following a cycle of different sea bottom and under-ice

transducer depths, the surface recording unit was moved in increments of 500

m along the ice to a final range of 3 km. Full and repeatable data capture

was attained to 2 km range, with some channels lost at 2.5 km, and essential-
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Figure 2. Performance of the Mesotech
Systems Ltd. data acquisition modules
for various horizontal separations in
330 m of water.

ly complete loss by 2.75 km (Fig. 2). For ranges under 2 kin, the heights of

the underwater transponders were immaterial; for greater ranges, however, the

surface station transponder should be lowered beneath the thermocline. The

recording medium in the surface station is bubble memory; during the arctic

* trial, the unit was cycled several times below O*C with no apparent loss of

memory. For deployment, a specially designed, propane-heated housing will be

used.

The first demonstration deployment is currently being planned for the

winter of 1985 in an offshore Arctic Island well. For the completion envis-

aged for that well, we plan to run the cable and underwater station through

the riser before all subsea well equipment is removed. The electronics pack-

age will be enclosed in a steel cylinder/cage and landed at the top of the

well casing, about a meter above the sea floor.

This demonstration project is supported through funding from the Office

of Energy Research and Development, Department of Energy, Mines and Resourc-

es, Canada. We thank the two consulting firms and the manufacturers for

their innovative ideas and excellent work on our behalf. Panarctic Oils Ltd.

contributed its expertise to the methodology of deployment,and Cominco Ltd.

provided logistic support at its Polaris Mine during the arctic field trials.
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MARINE PERMAFROST STUDIES RELATED TO DEVELOPMENT
OF THE ALASKAN BEAUFORT SEA

L.J. Toimil
Harding Lawson Associates

Novato, California

Information on the depth, thickness, and areal distribution of subsea

ice-bonded soils is needed for engineering design and to determine static

corrections for the processing of seismic reflection data. In recent years,

accelerated development offshore in northern Alaska has resulted in the ac-

- . quisition of considerable new knowledge on the marine permafrost regime of

* - the inner Beaufort Sea shelf. Information has been obtained from both test

boring programs and electrical surveys. These studies have confirmed the

presence of ice-bonded subsea soils, approximated their total thickness, and

shown that the depth to bonded soils is not a function of inundation time.

The depth below the mudline of bonded soils in many cases is seen to decrease

with increasing distance offshore. In addition, the results of recent

studies indicate that zones of well-bonded soils may be overlain by marginal-

ly or partially ice-bonded zones.

During 1983/84 on-ice boring programs, visible ice was recovered from

samples obtained 6.5 ft below the udline in 58 ft of water within Harrison

Bay. Previous boring programs conducted in the vicinity have repeatedly en-

countered bonded soils at a depth of approximately 30 ft below the mudline.

The presence of bonded soils at such shallow depth, together with overlying

zones of marginally bonded materials, poses important constraints on the de-

sign of offshore facilities.

In the face of the evidence recently obtained offshore in northern Alas-

ka, intuitive models representing the offshore permafrost regimens as a sea-

ward-thinning wedge of bonded materials do not appear valid. The design of

offshore facilities for operation in water depths of 50 to 110 ft offshore in

northern Alaska will require more information than now exists on the deep wa-

ter permafrost regime.
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UNFROZEN PERMAFROST AND OTHER TALIKS

R.O. van Everdingen
1A National Hydrology Research Institute, Environment Canada

Calgary, Alberta, Canada

The "Permafrost Terminology" prepared by Brown and Kupsch (1974) identi-

fied a major semantic problem, i.e. the ambiguity of the words frozen and un-

frozen, and of several related terms. On the one hand, the word frozen is

often taken to imply only that the temperature of the material described is

below OC; on the other hand, the term is also widely used to imply that at

least some of the total water content of the material exists in the form of

ice. Misunderstanding often arises when a supporter of the one usage tries

to communicate with a supporter of the other. Moreover, widespread inconsis-

tency in the use of the word frozen tends to add further to the confusion in

the literature. Similar confusion is apparent in the use of other terms,

e.g. active layer, freezing front, seasonal frost and permafrost.

The basic problem arose from the fact that no separate terms were avail-

able to distinguish "below OC" and "above OC" as compared to "containing

ice" and "not containing ice." It is by now common knowledge that the initi-

ation of the phase change from water to ice requires temperatures somewhat

below OC in many soil materials, as a result of freezing-point depression.

The associated changes in mechanical and physical properties will not start

occurring until these lower temperatures are reached. Hence, for the purpose

of geophysical exploration, drilling, excavation and foundation engineering

the prime question is not whether the temperature is above or below OC, but

whether or not an ice phase is present. In thermal studies, however, and for

the purpose of delineating permafrost (ground with temperature remaining be-

low OC for two or more years), the occurrence of below-zero temperature re-

mains of prime interest.

In 1976 the author proposed that the adjective cryotic (from the Greek

cpuoa (krios)--cold) be adopted to indicate that the temperature of a materi-

al so described is lower than OC, and the negative form noncryotic to indi-

cate that the temperature is above 00 C. The terms frozen and unfrozen could

then be reserved for materials containing ice, and materials not containing

ice, respectively.

Early in 1983 the Permafrost Subcommittee of the National Research Coun-

cil of Canada established a working group to prepare an up-to-date glossary

101

• S " ' ' . ' ", '° . "i " ., .. , ' . - . '.". , ' " . . . . - . J .- ' . " . " , " -v ' -



~- - -C r yoat I cN ncryotic

at enI
Part lol ty

raz n

P a r* t I I I 0C

freeezing Point

T < %TC *

frePzRnAFROST

T~I- <*C*C TRYOPEG
Peennaly frze Figur 2. Ters sedto de

Perenwad: scribe theE teprtr rrela--

Active iv o0 0 ,ad h taeo

perafrstanvionmnt

Perennia02

fr z nP re n a l

. . . *:

PERMAFROST
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T >0C I
PEFRS ACTIVE LAYER
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Figure 3. Terms used to describe season-
al changes in the temperature relative to
00C, and in the state of the water, versus
depth in a permafrost environment.
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SPRING and SUMMER (Thawing)

I > O'C

CRYOFRONT - e- 0 _. SEASONA L LY THAWED

} THAWING FRONT

( ,Seasonally frozen

Pe rmafro Perennially frozen

( ?<: BASAL CRYOPEG

T > 0 *C

Figure 3 (cont'd). Terms used to de-
scribe seasonal changes in the tempera-
ture relative to 00 C, and in the state
of the water, versus depth in a perma-

frost environment.

FROST SUSCEPTIBLE. FROST SUSCEPTIBLE:

SEGREGATED ICE wIll SEGREGATED ICE wIll likely

eventually form, causing form within one winter,

-, HEAVE and making materIal causing HEAVE and making

C ICE-RICH (I nIt Ia lly THAW material ICE-RICH (THAW

SI STABLE, eventually SENSITIVE).

becoming THAW SENSITIVE).

POSSIBLY FROST SUSCEPTIBLE:
F RST STABLE HEAVE In one winter may

== equal up to 9% of pore
(THAW S TA B LE)
T volume (THAW SENSITIVE).

lso  1 < So < 100%

Figure 4. Stability of ground during freezing and thawing,
with respect to initial degree of saturation and potential

movement of pore water.

of permafrost and related ground-ice terms. After an extensive review of the

permafrost literature the working group has selected a list of over 500 terms

to be included in the glossary. At least 200 of those terms are to be pro-

vided with definitions (existing, revised or new). The terms cryotic and

noncryotic will be included in the draft glossary, as will several other re-

lated terms (Fig. 1-5). Although the adoption of these new terms makes it

possible to remove the earlier ambiguity from a number of other terms in com-

mon use, some of the terms and their implications may sound disturbing or
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0 - U < 0.9 0.9 < U < 1.0 U > 1.0

A f 1.0 1.0 > A > 0.1 .1 > A > 0 A - 0

- , U + I -t 0 SUPERSATURATED1

DRY MOIST to WET to (only

. WET SATURATED temprororlly,
o- z

C upon THAWING

of ICE-RICH

FPD ground)

0'< 1.0 1 > 1.0

c 0 C 0.9 >(A+U) > 0 A 0 ; U 0

DRY 1 =_ May be ICE -RICH (3)

,, ICE-BONDED

(2,3)

FPD = freeaing-point depreeaiem

A = fraction of pore volume filled with air and/or other gases.
I = - ie.

U = unfroen water.

(1) Term applies to both aeos ,allg cryotic ground and permafrost.

(2) 1 generally increases from low through rediu. to high with increasing total wte oLe..t

- and decreasing temperature.

(3) Terms apply to both seanally froen greound and permafrosL.

*' Figure 5. Terms describing temperature relative to OC,
_i and relative air, water and ice contents in permafrost and

seasonally frozen ground.

confusing at first glance. Examples are unfrozen permafrost, and seasonally

thawed ground, which includes the uppermost (seasonally active) portion of

the permafrost.

Unfrozen permafrost (reflecting high salinity or high clay content, or

both) has become of increasing concern to engineers and geophysicists, espe-

cially those dealing with subsea permafrost as delineated on the basis of

temperature measurements. Saline permafrost will commonly be unfrozen unless

its temperature is below the initial freezing point of the pore water. If

the permafrost is ice-bearing, its presence may be detectable by electrical

or electromagnetic methods; it will presumably be detectable by seismic or

acoustic methods only if the material is ice-bonded.

Seasonally active permafrost can also be expected to occur where high

salinity causes significant freezing point depression.
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: -TRANSIENT ELECTROMAGNETIC DETECTION OF SUJBSEA PERMAFROST

G.G. Walker, K. Kawasaki and T.E. Osterkamp
Geophysical Institute, University of Alaska

Fairbanks, Alaska

For the past year, we have been investigating the occurrence and thick-

ness of permafrost along a north-south transect of Alaska from Prudhoe West

Dock to Glennallen. During the spring of 1984, this transect was extended

offshore from Prudhoe West Dock to Reindeer Island. Eleven sites were sound-

-. >.ed using a Geonics EM-37 Transient Electromagnetic (TEM) system; eight of the

* sites were over sea ice. Most of the sites used square transmitter loops 250

and 500 m on a side. Each transmitter loop was driven at two frequencies to

* - extend the apparent resistivity curves. The two loop sizes produce comple-

mentary curves which aid interpretation.

The unusually conductive environment of subsea, saline saturated, and

unfrozen sediments produces apparent resistivity curves which are not repre-

sentative of late stage behavior. Therefore, ramp time corrections based on

a time decay of t-2 .5 could not be used. Instead, corrections were comput-

ed using the full field expression for a homogeneous half space. The resis-

tivity of the half space was determined using the definition of early stage

apparent resistivity, PE:

7r r5 V()
-3000 Mr 2N Mt

where r is radius of transmitter loop in meters, V is measured voltage in

millivolts, Mr is the receiver moment defined as the effective area of the

receiver coil times preamplifier gain, N is gain setting of the receiver

electronics, and Mt is the transmitter magnetic dipole moment defined as

* the driving current times the transmitter loop area in ampere-meters squared.

The resistivity found from the early stage definition should be the same

resistivity as the first layer and, indeed, the f found from curve matching

using the Soviet theoretical curves (Rabinovich 1977) agrees very well with

that for the early stage. Additionally, the forward modeling program devel-

oped by Anderson (1981) produces single-layer curves which, when matched to

the experimental curves, have a best fit resistivity that agrees with the

early stage values of resistivity.

106



Once the first-layer resistivity is found, it is used to correct the

data for a ramp time turn-off. The full field expression for the voltage

measured in a receiver coil over a homogeneous half space of resistivity f is

(adapted from Kaufman and Keller 1983):

V 2-n O(u)-(2/) (u + 3-)exp(.- 2-)

2 7 1/2u r (2)

P t 10

where 6(u) is the probability integral, t is time measured after turn-off,and

. V is once again the measured voltage in millivolts. The other quantities are

as defined in equation 1.

If the earth is a linear transform system, there exists a simple rela-

tionship between the theoretical response due to a step drive and the re-

* sponse due to a drive with a finite ramp turn-off. If the step response is

- designated s(t) and the measured response is designated m(t), then the rela-

tionship is:

to+T

m(to ) M 4 f s(t) dt, (3)
to

where to is gate time, t is time after turn-off, and T is the duration of

the ramp. The correction factors are determined by evaluating the full field

expression of eq 2 for s(t) using the early value of resistivity from eq 1,

- producing the expected measured values of m(t), and taking the ratio at each

gate time for the correction factor at that gate time. The correction fac-

tors produced above are mltiplied by the actual measured signal at each gate

to produce the corrected curve. The corrected apparent resistivity curves

* differed only slightly from the uncorrected curves. Generally, curve match-

ing using two or more layers produced models which were the best fit to both

. the corrected and uncorrected curves.

First-layer resistivities ranged from 1.6 to 5 ohm-m over the sea ice

sites. The values were highest near shore and decreased with distance off-

shore. The thickness of the unfrozen layer increased with distance offshore.

Permafrost thickness, when discernible, appears to decrease with distance

offshore. Permafrost resistivity, although not as precisely determined as

the first-layer resistivity, appears to be about 200 ohm-m throughout the
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transect. Curve-matching often seems to require third-layer resistivities to

be even less than the first-layer resistivity.

The interpreted results are presented and compared to available ground

truth. Although the rebults seem reasonable, they do not always compare well

to the analytic work of Osterkamp (unpublished), which predicts the depth to

permafrost from an analytic solution to a thermal model. Consistently, the

TEM data predict a thicker layer of unfrozen material than the thermal model.

The TEM work of Ehrenbard et al. (1983), while not along the exact time line,

is comparable to this work, and apparently predicts even larger unfrozen lay-

er thicknesses while predicting permafrost to be somewhat thinner than found

in this investigation.
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